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EXECUTIVE SUMMARY 

Execubive Summary 

Cadmium is a silvery-white metal found primarily in the +2 oxidation state. 

Although cadmium is not known to be an essential element, it is chemically 

similar to zinc and other biologically essential elements. This similarity 

is an important factor in cadmium-induced toxicity since cadmium may replace 

these essential elements biochemically and interfere with important 

physiological processes. 

For the general population, the major sources of exposure to cadmium are 

through food and smoking. For occupationally exposed populations, 

inhalation may be the major route of exposure. Ambient airborne cadmium may 

also become a significant exposure route in industrial areas. 

Although ingestion is the major route of exposure, only one to ten percent 

of ingested cadmium appears to be absorbed systemically. Pulmonary 

absorption of inhaled cadmium is estimated to range from 10 to 50 percent of 

deposited cadmium. Animal studies indicate that some soluble and insoluble 

cadmium salts are handled in a similar manner in the respiratory tract. 

Together the liver and kidney account for about 50 percent of the cadmium 

body burden, with 30 percent found in the kidneys. The biological half-life 

of cadmium in humans has been estimated to range from 10 to 30 years. 



Cadmium has moderate acute toxicity, producing gastrointestinal or pulmonary 

effects from ingestion or inhalation, respectively. Subchronic and chronic 

exposures to cadmium have been associated with a wide range of adverse 

outcomes that include cardiovascular, endocrine, hepatic, bone, 

hematological, immunological, respiratory, renal, reproductive, and 

teratogenic effects. The staff of the California De~artment of Health 

Services (DHS) has concluded that renal toxicitv is the most sensitive 

noncarcinoeenic effect. because it occurs at lower exuosure levels than 

other noncarcinoeenic effects, 

The staff of the Air Resources Board has estimated that the ambient airborne 

3 concentration of cadmium in California is in the range of 1 to 2.5 ng/m . A 

daily retention rate of cadmium estimated to induce renal toxicity in 10 

percent of the population has been estimated to be 6.6 to 24.6 +g/day over a 

50-year period. Ambient air concentrations necessary to attain this range 

3 
of retention rates have been estimated to be 650 to 2500 ng/m , assuming 50 

percent pulmonary absorption. Althou~h no threshold exvosure level has been 

determined for renal toxicitv. the staff of DHS believes that such a level 

does exist. The staff of DHS has concluded that the two to three orders of 

magnitude difference between the estimated ambient levels of cadmium and 

those concentrations necessarv to attain a retention rate at which 10 

percent of the uo~ulation would develoa renal toxicitv is sufficientlv large 

that ambient airborne cadmium does not Dose a sienificant hazard. Since 

renal toxicitv is the most sensitive noncarcinoeenic endooint. the staff of 

DHS does not expect anv other acute or chronic noncarcinoeenic toxic effects 

from current ambient levels, 



In addition, cadmium has induced cancer in experimental animals and has been 

associated with an increase in human cancers in epidemiological studies. 

Cadmium has produced injection site tumors (in rats) and remote tumors (in 

rats and mice) following subcutaneous or intramuscular injections, and has 

produced lung tumors in rats exposed to cadmium chloride aerosol. Several 

studies in which cadmium was given by the oral route have been negative, 

perhaps because of poor gastrointestinal absorption and low susceptibility 

of gastrointestinal epithelial tissue to carcinogenesis induced by cadmium. 

The International Aeencv for Research on Cancer (IARC) has concluded that 

there is sufficient evidence of carcinoeenicitv in animals and that. for 

practical rluruoses. cadmium should be regarded as if it uresents a 

carcinoeenic risk to humans. DHS staff concurs in these conclusions, 

Epidemiological evidence has suggested an association between cadmium 

exposure and neoplasia, including respiratory, renal, prostatic, and bladder 

cancers. For the latter three cancers the evidence is suggestive or 

inconclusive; however, there is strong evidence of an association between 

cadmium exposure and an increased risk of respiratory cancer. Several 

occupational studies have shown some association between cadmium exposure or 

potential exposure and lung cancer. A recently published, well-designed 

study which evaluated a cohort of cadmium-exposed workers, found a highly 

statistically significant dose-response relationship. Neither bias nor 

confounding appeared to be responsible for the observed excess lung cancer 

risk. 

A variety of studies have indicated that cadmium is mutagenic and 

clastogenic. However. a number of similar studies have given negative 



results. Therefore, the staff of DHS has concluded that there is onlv 

limited evidence that cadmium is mutaeenic and clastoeenic. 0 
There is also evidence that cadmium can bind to DNA and cause mispairing of 

synthetic polynucleotides. This type of activity may also cause a mutagenic 

or carcinogenic effect. The mechanism of action for this type of effect is 

postulated to have no threshold associated with it. Jn the absence of 

com~ellinrr evidence of a threshold. the staff of DHS considers the mechanism 

of cadmium carcinoeenesis to be a nonthreshold Drocess, 

The estimated ambient airborne concentrations of cadmium were predicted to 

present a potential carcinogenic risk to humans. Two separate cancer risk 

assessments were performed, both of which assumed that cadmium 

carcinogenicity operates through a nonthreshold mechanism. One was based on 

a mortality study of workers in a cadmium production plant. A direct linear 

model that incorporated an adjustment for the "healthy worker effect" was 

fitted to the exposure data and corresponding standardized mortality ratios 

for respiratory cancer. The second cancer risk assessment was based on rat 

lung tumor incidence in a 27-month inhalation bioassay of soluble cadmium 

chloride aerosol. Several models were fitted to these data, including the 

multistage model. Predictions of cancer risks at ambient air concentrations 

in California were obtained by extrapolating 3 to 4 orders of magnitude down 

from either the experimental rat exposures or the occupational exposures. 

For continuous lifetime exposure to 1 ng/m3 cadmium, the human-based 

assessment predicted the range of excess lifetime cancer risks to be 2 per 

million (best estimate) to 12 per million (upper 95% confidence limit). The 

animal-based assessment predicted the range of excess lifetime cancer risks e 



to be 110 per million (maximum likelihood estimate) to 180 per million 

(upper 95% confidence limit). The upper 95% confidence limit for risk based 

on the animal data is about 15 times the upper 95% confidence limit 

predicted by the human data. The best estimate from the animal data is 

about ten times the upper 95% confidence limit of risk predicted by the 

human data. (See Table 1-1 and Figure 1-1.) 

The DHS staff believes that a discrepancy of one to two orders of magnitude 

between animal- and human-based risk estimates is relatively small. Because 

the human data for exposure and for response were not found to have any 

major deficiencies, and because a conservative linear extrapolation was 

used, DHS staff has determined that reliance on the human-based risk 

assessment is unlikely to underestimate risk. The range of recommended risk 

estimates is therefore provided by the human-based risk assessment. 

*,* 

The hazard posed by atmospheric cadmium to residents of California was 

estimated by applying the risk estimate to cadmium concentrations measured 

in the state. Noncancer health effects are not expected to occur at 

concentrations of cadmium measured in populated areas of the state. 

In contrast, carcinogenic effects may occur at levels of cadmium 

measured in ambient air. The upper-bound excess lifetime cancer risk from 

estimated atmospheric concentrations of cadmium in California has been 

estimated to range from 2 per million to 30 per million. This is a health- 

conservative estimate; the actual risk may lie in or below that range. 

DHS staff emphasizes that the risk estimates derived in conducting a risk 

assessment are not exact predictions, but rather represent best estimates 



based on current scientific knowledge and methods. Uncertainty in this risk 

assessment stems from (1) limitations in the data on which the assessment 

was based, (2) an extrapolation from occupational exposure levels to current 

ambient cadmium concentrations ranging over three to four orders of 

magnitude, (3) generalization from the mortality experience of adult white 

males in Colorado to the general population in California, (4) differences 

between occupational and nonoccupational exposures in terms of particle size 

distribution, and (5) potential inaccuracy and variability of ambient 

exposure measurements. 

The DHS staff has determined that the possible roles of chance, bias and/or 

confounding in distorting the true dose-response relationship in the 

occupational study were likely to have been small. The DHS staff has also 

concluded that inaccuracies in the evaluation of exposure and cancer 

mortality in that study were likely to have been small. In addition, the 

net direction of these potential errors was likely to result in an 

overestimate of cadmium's potency. For these reasons, the DHS staff 

believes that the use of these epidemiologic data in a quantitative risk 

assessment is appropriate. Furthermore, the use of human data eliminates 

uncertainty arising from interspecies extrapolation. Since the occupational 

exposures were by inhalation, there is no extrapolation between routes of 

exposure. 

The DHS staff recommends that the ranee of risks for ambient exuosures to 

~admium be based on the best estimate and uuuer 958 confidence limit 

predicted from fittinp a linear model to the human data. The ranee of 

estimated excess lifetime cancer risks from 24-hour-per-dav exnosure for a a 



lifetime to average ambient airborne concentrations, estimated to be 1 to 

3 2.5 n ~ / m  cadmium, is 2 to 30 per million persons exposed. In "hot spots" 

identified in California, the range of estimated excess lifetime cancer 

risks from 24-hour-per-day exposure for a lifetime to an average of 40 ng/m 3 

of cadmium is 80 to 480 per million persons exposed. The ARB staff has 

estimated that approximately 57,000 people may be exposed to the average hot 

spot ambient level. 

Based on the finding of cadmium-induced carcinogenicity and the results of 

the risk assessment, DHS staff finds that ambient cadmium is an air 

pollutant which may cause or contribute to an increase in mortality or an 

increase in serious illness, or which may pose a present or potential hazard 

to human health. 



TABLE 1-1 

ANIMAL AND HUMAN BASED PREDICTIONS 

OF EXCESS LIFETIME CANCER RISKS PER MILLION PERSONS 

EXPOSED TO AMBIENT AIRBORNE CONCENTRATIONS OF CADMIUM 

Ambient Air Concentration 

Overall mean UCL of over- hot spot mean 
in California all California 

mean 

ANIMAL DATA 

95% Upper Confidence Limit 

Point Estimate 

KaMAN DATA 

95% Upper Confidence Limit 

Point Estimate 





11. Introduction 

Cadmium was first identified as a distinct element in 1817. During 

the 1800s there were some reported cases of cadmium poisoning from 

inhalation of cadmium fumes or dust; however, it was not until the 

second or third decade of the present century that cadmium was recog- 

nized as a significant occupational health problem. Occupational 

exposure has been associated with acute and chronic respiratory 

effects and renal toxicity. Environmental exposure to cadmium has 

been considered to play an etiological role in Itai-Itai disease, a 

disease where the patients have severe osteoporosis and osteomalacia. 

Many other toxic effects in humans and experimental animals have now 

been associated with cadmium exposure. 

There has been a tremendous effort to study the adverse effects of 
6 

cadmium, and a vast literature on the subject has accumulated. This 

literature has been reviewed and evaluated by many authors. Some of 

the most comprehensive reviews are by Friberg et al. (1974) and EPA 

(1981, 1985). These reviews are referred to extensively in the 

present document. 



111. ProuertFes and Uses 

Cadmium is a relatively rare element that makes up about 1.5 x 10 
- 5 

percent of the earth's crust. It is a transition element in group 2b 

of the periodic table, which also includes zinc and mercury. This 

chemical similarity between cadmium and zinc is an important factor in 

cadmium toxicity, as will be discussed in the document. Cadmium is 

usually obtained as a by-product from the processing of zinc, lead, and 

copper ores, where it is primarily found as cadmium.sulfide. The 

elemental form of cadmium is a soft silvery-white metal that has a 

molecular weight of 112.4. Its most common oxidation state is +2, 

although a few compounds have been reported in which cadmium is in the 

+1 oxidation state (Hollander and Carapella 1978). Cadmium salts, as 

with most metal salts, range from highly water soluble to insoluble 

(see Table 111-1). The predominant form of cadmium found in air pollu- 

tion is cadmium oxide, although other forms may be present. 

Cadmium has a number of economic uses, such as in metal finishing, 

pigments, batteries, stabilizers in plastics, electronic application, 

and catalysts. The major use is in the electroplating industry, which 

accounts for over half of the cadmium usage in the United States 

(Parker 1978). 

The major source of cadmium release to the environment is from solid 

wastes, such as coal ash, sewage sludge, flue dust, and fertilizers 

(Parker 1978). An increasingly greater source of cadmium release is 

from plastics burned in municipal waste incinerators (Yost 1979). 



Table 111-1 

a 
Some Physical Properties of Selected Cadmium Compounds e 

Chemical Name Formula Molecular Water Solubility 
Weight (g/100gH20/TempoC) 

Cadmium Insoluble, soluble 
in dilute nitric or 
sulfuric acid 

Cadmium acetate Cd(C,H,O,) 2 230.5 Soluble 

Cadmium carbonate CdCO, 172.4 Insoluble (2.8~10-') , 
soluble in acids 

Cadmium chloride CdC1, 183.3 Soluble (128.6/30) 

Cadmium fluoride CdF2 150.4 Soluble (4.35/25) 

Cadmium nitrate Cd(N03)2 236.4 Soluble (109/0) 
I 

Cadmium oxide CdO 128.4 Insoluble (9.6~10- ) ,  
soluble in acids 

Cadmium sulfate CdSO, 208.5 Soluble (76.6/20) 

Cadmium sulfide CdS 
4 

144.5 Insoluble (1.3~10- /18), 
soluble in acids 

a Source: IARC 1976, Hollander and Carapella 1978 



IV Routes of Exposure 

A. Food and Smokin~ 

The major exposures to cadmium are through food and smoking. Several food 

crops, including potatoes, root crops, and leafy vegetables, are known to 

take up and concentrate cadmium from the soil (Pahren et al. 1978). Daily 

intake of cadmium from food and water has been estimated to be 39 pg/day 

for a 15-to 20-year-old male (FDA 1974). 

Smoking can contribute a significant proportion of an individual's daily 

exposure to cadmium. It is estimated that 0.1 to 0.2 pg of cadmium are 

inhaled with each cigarette (EPA 1980a). Therefore, smoking one pack per 

day (20 cigarettes) can increase the daily cadmium intake by about 10% (2 

to 4 &day). 

B. Occupational 

Occupational exposure is primarily through inhalation of airborne cadmium. 

It is the greatest source of exposure for this cadmium worker population. 

The present OSHA standards for occupational exposure are 100 pg/m3 for 

cadmium fumes and 200 pg/m3 for cadmium dust on a time weighted average 

for an eight-hour workday (NIOSH 1984a). The American Conference of 

Governmental Industrial Hygienists (ACGIH 1984) has established the 

Threshold Limit Value (TLV) for an eight-hour exposure at 50 pg/ms. NIOSH 

has recommended that the standard be set at 40 pg/m3 for a time weighted 

average of a 10-hour workday, 40-hour workweek (NIOSH 1984a). Assuming an 



average air intake of 10 m3 during the working day, daily exposure could 

range from 400 to 2000 pg of cadmium if exposures occurred at levels e 
between the NIOSH recommended level and the current OSHA standard. 

C. Pollution 

Environmental pollution can increase cadmium exposure via ingestion and 

inhalation. Cadmium soil levels in crop lands can be increased by use of 

phosphate fertilizers or municipal sludge, both of which contain high 

levels of cadmium. Deposition of airborne cadmium on crop land can also 

increase cadmium soil levels. 

Airborne cadmium is primarily from anthropogenic sources. Highest levels 

are found in industrialized cities and around smelting operations. When 

no significant sources of cadmium pollution are present the airborne 

concentration is generally around 1 ng/m3 (EPA 1980a). Assuming an 

average daily inhalation volume of 18 m3, the daily exposure from ambient 

air would be about 20 ng. 



V. Pharmacokinetics and Metabolism 

0 
Inhalation is the primary route of exposure to airborne cadmium. However, 

swallowing particulates initially deposited in the upper respiratory tract 

may also play a role in exposure to inhaled cadmium. Airborne cadmium is 

primarily found as the oxide, although other insoluble and soluble salts may 

be present. These salts can be pure or a mixture in an aerosol or in dust. 

The deposition of cadmium in the respiratory system is dependent on the size 

of inhaled particles. 

The Task Group on Lung Dynamics (1966) defined the different portions of the 

respiratory system as: (1) the nasopharynx, which begins with the anterior 

nares and extends to the larynx or epiglottis, (2) the tracheal/bronchial 

0 portion, extending from the trachea to the terminal bronchioles, and (3) the 

pulmonary portion, which extends from the respiratory bronchioles to the 

alveolar sacs. Deposition in the pulmonary portion of the respiratory 

system is usually of greatest concern because clearance is much slower than 

in ,the other portions. Large particles (10 to 100 pm) tend to be almost 

completely removed in the nasopharynx. Particles of 5 to 10 pm still tend 

to be trapped in the nasopharynx, but 5 to 25 percent may be deposited in 

the pulmonary portion. About 20 to 30 percent of particles from 0.5 to 5 pm 

are deposited in the pulmonary portion and up to almost 70 percent of 

smaller particles may be deposited. Some small particles (0.1 to 0.5 fim) 

may be exhaled. In a person breathing at a moderate work rate (20 

liters/min), about 10 to 60 percent of particles with a mass median diameter 

of 0.01 to 5 pm would be deposited in the pulmonary compartment (Task Group a 



on Lung Dynamics 1966). The model used by the Task Group assumed nasal 

breathing only. Deposition may be greater in the pulmonary portion when 

breathing occurs through the mouth. Milford and Davidson (1985) estimated 

the proportion of cadmium deposition in the pulmony compartment during mouth 

breathing. They estimated 11 to 27 percent of the airborne cadmium would be 

depositied using respiration rates of 7.5 to 30 liters per minute. Particle 

size distribution was based on measurements from a number of different 

studies at a variety of locations. The mass median aerodynamic diameter in 

this analysis was 0.84 pm. 

Particles trapped in the upper respiratory tract and those deposited on 

tracheal and bronchial mucosa will be cleared by mucociliary activity and 

swallowed. Some particles deposited in the lower respiratory tract may be 

phagocytized by pulmonary macrophages and transported out of the lung by 

mucociliary activity. Thus, absorption of cadmium from the lung and 
a 

gastrointestinal tract both need to be considered. In addition, the 

greatest source of cadmium exposure for the general population is via food, 

which makes the gastrointestinal tract the primary site of cadmium 

absorption. 

Friberg et al. (1974) reviewed several animal inhalation studies and a study 

comparing the body burdens of cadmium in smokers versus nonsmokers, then 

estimated the proportions of cadmiwn absorbed. From acute exposure studies 

on dogs (Harrison et al. 1947) and mice (Potts et al. 1950), they estimated 

absorption of 40 and 10 percent, respectively. A 30 percent absorption was 

estimated from a chronic exposure study in rabbits (Friberg 1950). The 

16 



cadmium body burden in smokers (Lewis et al. 1972) suggested that absorption 

was as high as 27 percent. EPA (1981) cites a reference (Task Group on Lung 

Dynamics 1966) that indicates absorption of cadmium from human lungs could 

range from less than 20 to 50 percent, depending on particle size, 

solubility, and other factors. 

Absorption may be dependent on the solubility of the chemical form of the 

inhaled cadmium; however, some animal studies suggest otherwise, at least 

for cadmium chloride and cadmium oxide. Oberdorster et al. (1979) compared 

the lung clearance of cadmium chloride and cadmium oxide in rats following 

administration via inhalation. Since the aerosols of both compounds had 

similar particle size distributions and were administered at similar air- 

borne concentrations, solubility was the major variable. The difference in 

solubility did not prove to have a significant effect on long-term clearance 

from the lung since both cadmium compounds had half-lives of 67 days. 

Short-term clearance was not observed for cadmium chloride, but was seen for 

cadmium oxide. In a later study, however, Oberdorster et al. (1980) 

reported short-term lung clearance of cadmium chloride. Oberdorster et al. 

(1979, 1980) interpreted the similar long-term clearance of the two com- 

pounds from the lung as indicating that both compounds were handled in the 

same manner. They suggested that in both cases cadmium protein binding may 

be involved and followed by absorption via alveolar clearance pathways. 

Short-term clearance would probably include bronchial clearance and cadmium 

would end up in the gastrointestinal tract. However, Hadley et al. (1980) 

found that a large amount of the intratracheally instilled cadmium oxide 

that was removed from rat lungs during short-term clearance was found in the 

liver. This indicates that much of the cadmium oxide was solubilized and 
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absorbed systemically. Since absorption from gastrointestinal tract is 

limited, as will be discussed in Section V.B, much of the short-term 

clearance must be from pulmonary absorption. 

The extent of short-term clearance for cadmium oxide that was observed by 

Hadley et al. (1980) was greater than that for cadmium chloride observed by 

~berdirster et al. (1980) following intratracheal instillation. The reason 

for the difference has not been examined. 

Friberg et al. (1974) has concluded from a review of the available informa- 

tion that animal experiments indicate 10 to 40 percent of inhaled and 

deposited cadmium is absorbed from the lung. Information on absorption from 

human lungs of cadmium in cigarette smoke indicates that it is from 25 to 50 

percent. Thus, a range of 10 to 50 percent of inhaled cadmium deposited in 

the lung may be systemically absorbed. 
Q 

Several animal studies have been performed to determine the magnitude of 

cadmium absorption from the gastrointestinal tract. These studies, reviewed 

by Friberg et al. (1974), indicate that most ingested cadmium, about 96 to 

more than 99%, is not absorbed and is excreted in the feces. Human studies, 

also reviewed by Friberg et al. (1974), indicated that absorption was from 1 

to 10 percent of ingested cadmium. 

Factors found to influence cadmium absorption from the gastrointestinal 

tract include age and nutrition. ~ngstrhm and Nordberg (1979) report that 

one-month-old mice retained 5.2% of an orally administered dose while three- 
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and six-month old mice retained only 2.9 and 2.1% of administered doses, 

respectively. Several studies have shown that a calcium deficient diet 

causes an increased cadmium uptake by the gastrointestinal tract, and one 

study suggested that vitamin D increases cadmium uptake (Friberg et al. 

1974). Low protein diets have been found to increase the amount of cadmium 

absorbed (Suzuki et al. 1969). 

C. pistribution and Storaee 

Once cadmium is absorbed it enters the circulatory system. Animal studies 

indicate that cadmium will initially be found in the plasma. Levels in the 

plasma fall rapidly, but then cadmium levels in the red blood cells rise. 

Cadmium associated with the red blood cells is bound to proteins such as 

metallothionein and hemoglobin. Continuous exposure produces an increase in 

the concentration of cadmium in the blood, but a plateau occurs at a certain 

blood level. When exposure ends cadmium blood levels will decrease (Friberg 

et al. 1974). 

Together the liver and kidney account for about 50 percent of the cadmium 

body burden, with 30 percent found in the kidneys. Other organs in which 

cadmium accumulates are the spleen, pancreas and testes (Probst 1979). 

Initially the concentration of cadmium increases faster in the liver than 

the kidney. In the liver most cadmium is bound to a low molecular weight 

protein, metallothionein. This protein bound cadmium is believed to be the 

form in which cadmium is redistributed from the liver to the kidney (Norberg 

1972, Tanaka et al. 1975). Within the kidney the highest concentration of 

cadmium is found in the cortex. The level of cadmium in the renal cortex 



increases until renal toxicity occurs, at which point urinary cadmium excre- 

tion will increase and renal cortex levels decrease. This is from a lack of @ 
uptake of cadmium-bound metallothionein by damaged renal tubular cells and 

the loss of cadmium in sloughed renal tubular cells. 

Generally, excretion of absorbed cadmium is very slow because little cadmium 

is lost in the urine since there is efficient uptake by the renal tubular 

cells. In mice, daily renal excretion accounts for about 0.01 to 0.02 

percent of the total body burden. Animal studies have been been conducted 

to estimate the biological half-life of cadmium. It was found to vary from 

about 200 days in mice to 1.5 years in squirrel monkeys. The biological 

half-life of cadmium in humans has been estimated using mathematical models 

to range from 10 to 30 years (Friberg et al. 1974). 

E. Betallathionein Binding 

Metallothionein is a small molecular weight protein that appears to play an 

important role in cadmium's metabolism. Two distinct forms of this protein 

are usually found in tissues. They differ slightly in amino acid composi- 

tion (Winge and Meklossy 1982). Metallothionein can bind cadmium, zinc, 

copper and mercury. The relative affinities of rat kidney metallothionein 

for these four metals are in the order of mercury>copper>cadmium>zinc 

(Foulkes 1982). This is probably the same order found for metallothionein 

in other tissues and species. 



Metallothionein is in many tissues, with the highest concentrations found in 

the liver and kidney, where the highest levels of cadmium are also found. 

Most of the cadmium (80%) in these two organs is bound to metallothionein. 

In the kidney most metallothionein contains cadmium and zinc, followed by 

copper (Kagi et al. 1984). As the cadmium concentration in the kidney 

increases, there is a proportional increase in the concentration of zinc 

(Friberg et al. 1974). At high cadmium concentrations, the zinc concentra- 

tion no longer increases. 

Metallothionein synthesis is induced when cadmium or zinc is given 

pareterally. Induction is greatest in the liver, although it is also in- 

duced in other tissues such as the kidney and pancreas. The biological 

halflife of metallothionein has been found to be relatively short ( 5  days 

or less), especially when compared to the biological half-life of cadmium. e Thus, cadmium and zinc ions are released by degradation of the protein and 

then are bound to new metallothionein that is constantly being synthesized. 

The physiological role of metallothionein is not fully understood. 

Metallothionein is probably a transport and storage protein for trace ele- 

ments, such as zinc and copper, that are essential for many physiological 

functions. Because cadmium is chemically similar to these essential ele- 

ments, metallothionein can effectively detoxify cadmium by binding with it, 

but metallothionein enables the body to efficiently store cadmium until it 

becomes a problem. 

When cadmium is combined with metallothionein, it is less toxic to many 

target organs. Injections of cadmium-bound metallothionein did not cause 

testcular damage in animals while a similar dose of cadmium chloride did. 
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However, cadmium-bound metallothionein is more toxic to the kidney than is 

cadmum chloride (Nordberg 1971). This is in part explained by the fact that 0 
most free cadmium is taken up by the liver and only a small percentage (10%) 

is found in the kidney whereas about 90% of the metallothionein bound cad- 

mium ends up in the kidney. Since metallothionein is freely filterable by 

the glomerulus and is then actively reabsorbed from tubular fluid, high 

levels of free cadmium are likely to occur in the tubular cells following 

degradation of the metallothionein protein. The lack of sufficient new 

unbound metallothionein to bind with free cadmium allows the latter to 

produce a toxic effect on the cells. This is similar to the mechanism 

proposed for renal toxicity following chronic exposure to cadmium. 



VI. Acute Health Effects 

Cadmium has a moderately acute toxicity with a oral LD,, in rats that 

varies from 72 to over 225 mg/kg depending on the chemical form (see 

Table VI-1). The toxic effects observed in humans differ depending on 

whether the route of acute exposure is via ingestion or inhalation. 

Symptoms in humans following ingestion of acutely toxic levels of 

cadmium include persistent vomiting, increased salivation, choking 

sensation, abdominal pain, tenesmus, and diarrhea (EPA 1980a). These 

symptoms may occur within 15 to 30 minutes of ingestion. 

Exposure to acutely toxic airborne concentrations of cadmium (see Table 

VI-1) may produce symptoms in humans within 4 to 6 hours that include 

cough, shortness of breath, and tightness of the chest. Acute pulmo- 

nary edema may follow within 24 hours. From 3 to 10 days after 

exposure, proliferative interstitial pneumonitis may occur. In rats a 

fourth stage occurs which involves permanent lung damage in the form of 

perivascular and peribronchial fibrosis (EPA 1980a). 

Both routes of exposure have led to systemic signs of toxicity that 

include renal and liver toxicity in both humans and experimental 

animals. Animal studies have also indicated that acute exposure to 

high levels of cadmium can lead to testicular and placental necrosis 

and other reproductive effects. Reproductive effects are further 

discussed in Section VII.1. 



Table VI-1 

Selected Acute Toxicity Data a 

Compound Species Route Effect Dose 

Cadmium (colloidal) 

Cadmium chloride 

Cadmium fluoroborate 
Cadmium fluorosilicate 
Cadmium oxide 

Cadmium oxide 
Cadmium oxide fumes 

Cadmium 

Cadmium oxide fume 
Cadmium oxide fume 

Rat 

Rat 

Rat 
Rat 
Rat 

Rat 
Rat 

Human 

Human 
Human 

Oral 

Oral 

Oral 
Oral 
Oral 

Inhalation 
Inhalation 

Inhalation 

Inhalation 
Inhalation 

LD50 

LD50 
LDLo 
LDLo 

LD50 
LCLo 

LC50 
LCLo 

LCLo 
TCLo 

250 mg/kg 
100 mg/kg 
72 mg/kg 

10 mg/m3 
500 mg/m3/10 min 

39 mg/m3/20 min 

2500 mg/mac 
8.6 mg/m3/5 hour 

a Source: NIOSH 1984b 

b LD,, - dose that is lethal to 50 percent of the experimental population 
2" 

LDLo - lowest dose to produce a lethal effect in the experimental population 
the experimental population 

m LCLo - lowest airborne concentration to produce a lethal effect in humans or il. 

LC50 - airborne concentration that is lethal to 50 percent of the experimental 

population 
TCLo - lowest dose to produce a toxic effect in humans or in experimental 

populations 

C Although the dose was given in NIOSH (1984b) as 2500 mg/m3, the actual reported 
dose was 2500 minutes x mg/mg Barrett and Card (1947) estimated that the lethal 
concentration was 2900 minutes x mghg. For an 8 hour work day the airborne con- 
centration would be 5 mg/m3 and for a 24 hour period the airborne concentration 
would be 2 mg/m3. 



VII. Subacute and Chronic Health Effects 

A. Cardiovascular Effects 

Cadmium has been found to induce hypertension and myocardial changes in 

experimental animals. Friberg et al. (1974) and EPA (1981) have 

reviewed the literature on these responses in experimental animals and 

humans. The hypertensive effect of cadmium occurs after chronic low- 

level oral exposure, but a transient hypertensive reaction can be 

induced by an acute parenteral administration. Perry et al. (1977) 

found that exposure through drinking water containing 0.1 to 5 ppm 

cadmium induced hypertension in rats that were exposed for 18 months. 

An exposure level of 0.01 ppm had no effect and high exposure levels of 

10 and 25 ppm did not have a hypertensive response. The mechanism 

behind this reaction has not been determined, but may be related to 

renal toxicity or to an effect on the vasculature. Zinc antagonizes 

this effect of cadmium. 

Cadmium exposure was also found to affect the electrocardiogram recor- 

dings of rats treated for 24 weeks with drinking water containing 5 mg 

of cadmium/liter. Biochemical changes were noted in the myocardium of 

rats treated with cadmium drinking water concentration as low as 1 

mg/liter (Kopp et al. 1978, 1983). 

Epidemiological studies have not found a statistically significant 

association between cadmium exposure and hypertension. Inskip et al. 

(1982) reported nonsignificantly elevated SMRs for hypertensive deaths 



for residents in a town with high soil cadmium content while the con- 

trol town had a deficit of such deaths. The rate ratios were greater 

than two for males, females, and both sexes combined. In another 

epidemiologic study which reported on hypertensive deaths among 

cadmium-exposed workers, Armstrong and Kazantzis (1983) observed no 

deaths (.7 expected) in the "ever high" exposure group and a nonsig- 

nificant increased risk in the "ever medium" (SMR-178) and the "always 

low" groups (SMR-113). While these results are suggestive, they do not 

permit any generalization. 

Cerebrovascular deaths were significantly elevated among females in the 

exposed town from the study of Inskip et al., but deaths from this same 

cause were reduced in all exposure categories in the study by Armstrong 

and Kazantzis (significantly so for those with "always low" exposures). 

Cadmium does not appear to increase the risk of cerebrovascular death. C 

B. Endocrine Effects 

There is some evidence from experimental animal and human studies 

suggesting that cadmium can affect on endocrine organs (EPA 1981). As 

will be discussed in Section VII.1, cadmium can cause testicular 

necrosis at high doses. Since Leydig cells, the androgen producing 

cells in the testes, are damaged, testosterone synthesis is decreased 

or abolished until tissue regeneration occurs. 

As noted above, the pancreas accumulates cadmium. Glucose intolerance 

and reduced levels of circulating insulin are associated with cadmium 



exposure. Insulin secretion was decreased in rats given in- * traperitoneal injections of 0.5 mg/kg every other day for 70 days. A 

dose level of 0.25 mg/kg had no effect (Ithakissios et al. 1975). 

Selenium and cadmium pretreatment have been found to antagonize this 

effect. 

Cadmium has also been shown to increase adrenal gland weight, adrenal 

secretion of catecholamines and corticosterone plasma levels in ex- 

perimental animals. These effects occurred following repeated 

parenteral administration of doses of 0.25 mg/kg or more of cadmium 

(Rastogi and Singhal 1975: Der et al. 1977). 

Similar dose levels have been associated with decreased plasma T, and 

T, levels. There were no morphological changes observed in the thyroid 

to associate with the plasma level changes (Der et al. 1977). 

Repeated intramuscular injection of 250 pg of cadmium chloride for 54 

days caused a significant decrease in rat pituitary weight (Der et al. 

1977). Some effects observed in the pituitary may, however, be secon- 

dary to other endocrine effects caused by cadmium. 

C. Hepatic Effects 

Several investigators have reported hepatotoxicity in experimental 

animals exposed to cadmium over long time periods. Rabbits given a 

0.25 mg/kg dose of cadmium by injection five days a week for up to 29 



weeks had an increase in serum glutamic-oxaloacetic-transaminase (GOT) 

actively after 17 weeks of exposure (Axelsson and Piscator 1966). At a 

subcutaneous dose level of 2 mg/kg, 6 days a week for 2 weeks, rabbits 

had increased serum GOT and glutamic pyruvic-transaminase activities 

and there were morphological changes in the liver (Kimura 1971). 

Morphological liver changes without changes in liver function tests, 

have been reported by Stowe et al. (1972) in rabbits given drinking 

water containing 160 ppm cadmium for 6 months. Some liver enzyme 

changes have occurred in rats treated with cadmium via drinking water 

at 1 ppm (Sporn et al. 1970). 

Pronounced changes in liver function are unusual findings in cadmium 

exposed workers, however, this has not been a major focus of most 

epidemiological studies (Friberg et al. 1974) 

D. Mineral Metabolism 

Chronic exposure to cadmium has an adverse effect on calcium and phos- 

phorus metabolism manifested through an observed effect on bone. Bone 

changes in rats given drinking water containing 50 ppm cadmium had 

reduced urinary calcium and phosphorus levels and fat deposition in the 

femoral spongiosa. Treated animals on a calcium deficient diet had 

thinning of the cortical osseous tissue, osteoid borders on trabeculae, 

and a decreased number of osteocytes, and a decrease of acid 

mucopolysacchrides in epiphyseal cartilage (Itokawa et al. 1974). 

Osteomalacia and severe osteoporosis in humans have been associated 

with both occupational and environmental exposure. These are the most 



prominent effects of Itai-Itai disease. Patients with this disease 

generally have hypochronic anemia and renal disfunction (proteinuria, 

glucosuria, and aminoaciduria) as well as skeletal abnormalities. The 

disease has been confined primarily to a Japanese population (mostly 

post-menopausal women) residing in an area that is highly contaminated 

with cadmium. Although the average daily lifetime cadmium intake is 

not known, the highest intake estimates are over 1 mg/day for at lease 

part of their lifetime. The disease is believed to be caused by cad- 

mium's renal toxicity disturbing calcium and vitamin D metabolism, but 

there is evidence that calcium and vitamin D deficiencies may play an 

etiological role. 

E. Pematological Effects 

Cadmium does not appear to have strong effects on the hematopoietic 

system, although animal studies have indicated cadmium can induce a 

reduction in hemaeocrit and hemoglobin levels of chronically exposed 

experimental animals (EPA 1981). Administration of supplemental iron 

has restored hemoblogin and hematocrit levels. Friberg et al. (1974) 

reviewed a few epidemiological studies on cadmium-exposed workers where 

it was found these workers had a moderate anemia. 

Decker et al. (1958) found that rats given drinking water containing 

0.5 to 1 ppm cadmium for 1 year had normal hemoglobin levels while rats 

given drinking water containing 50 ppm cadmium for 3 months had low 

hemoglobin levels. Mahaffey et al. (1981) report that rats fed a diet 

containing 50 ppm of cadmium for 10 weeks had reduced bone, kidney, and 



liver iron levels, suggesting that cadmium may have an affect on iron 

metabolism. 

I?. Immunolovical Effects 

Cadmium has been found to decrease the number of antibody-forming 

spleen cells in mice exposed subchronically via drinking water to 3 or 

300 ppm (Koller et al. 1976). In an unplanned study, it was noted that 

mice being treated with cadmium at 3 and 300 ppm in their drinking 

water had a higher mortality following an accidental intestinal infect- 

ion from Hexomita & than did untreated mice (Exon et al. 1975). 

Cadmium has also been found to decrease thymus and spleen weights of 

mice injected with doses of 0.75 to 6 mg/kg. There was also suppres- 

sion of the induction of delayed hypersensitivity responses and 

decreased memory T-cell and B-cell activities (Kojima and Tamura 1981). 

G. pes~iratorv Effects 

Emphysema and bronchitis are the primary respiratory effects reported 

from chronic inhalation exposure to cadmium. A causal relationship was 

first reported by Friberg (1950) who noted this effect in workers 

exposed to cadmium oxide dust. Since then the results of several 

epidemiological studies on cadmium-exposed worker populations have 

confirmed this finding. Several animal studies provide supporting 

evidence that cadmium causes emphysematous type changes in the lungs. 

These studies have been reviewed by Friberg et al. (1974) and EPA 



Friberg (1950) exposed rabbits to cadmium iron oxide dust at an air- 

borne concentration of 8 mg/m3 for 3 hours per day, 20 days per month 

over an eight-month period. All exposed rabbits showed signs of em- 

physema and inflammatory changes. Prigge (1978) exposed rats to 

cadmium oxide at a much lower airborne concentration--25 to 50 pg/ms 

(as cadmium)--24 hours a day for 90 days. Emphysematous areas and cell 

proliferation of the bronchi and bronchioli were found in all of the 

exposed animals. This finding, however, is in contrast to the absence 

of reported emphysematous changes in rats exposed to cadmium chloride 

at concentrations of 13 to 51 pg/mS (as cadmium)--23.5 hours per day 

for 18 months and then followed for an additional 13 months (Takenaka 

et al. 1983). 

Two reports indicated that rats given cadmium (17.2 mg/liter) in their 

drinking water for up to 10 months developed emphysematous changes 

(Miller et al. 1974, Petering et al. 1979). Petering et al. (1979) 

reported that supplemental zinc in the animals' diet decreased the 

severity of the changes. 

Human studies have, for the most part, been done in the occupational 

setting. A large number of these studies, reviewed by Friberg et al. 

(1974) have shown that there are significant changes in pulmonary 

function tests in groups of exposed workers. Many of these studies did 

not control for smoking. Since cigarette smoke contains significant 

amounts of cadmium and there is an association between smoking and 

emphysema and bronchitis, Friberg et al. suggest that there is reason 

to believe that smoking may be of importance. Friberg et al. also 



observe that, "For cadmium oxide fumes, a prolonged industrial exposure 

to below 0.1 mg/m3 might well be considered hazardous with reference to 6 
emphysema. " 

Human studies of the effect on respiratory disease mortality are not 

consistent. The two findings which were statistically significant were 

those by Varner (1983) who found a PMR (proportional mortality ratio) 

of 153 for nonmalignant respiratory disease, and by Armstrong and 

Kazantzis (1983) who found an increased risk for bronchitis standard- 

ized mortality ratio or SMR - 434 for those with "ever high" exposure, 
SMR - 130 for entire cohort. There was a dose-response relationship 

with both intensity and duration of exposure, though other exposures 

may also have played a role. The SMR for nonmalignant respiratory 

disease showed a nonsignificant but elevated risk in the early cohort 

of Lemen et al. (1976) (SMR - 159) and in the followup by Thun et al. a 
(1985) (SMR - 154), but these are only modified versions of the cohort 
Varner studied. Andersson et al. (1984) noted two lung disease deaths 

with unusual diagnoses that were considered potentially related to 

cadmium exposure. 

Negative findings were reported by Andersson et al. (1984), and Sorahan 

and Waterhouse (1983). This latter study showed a lower SMR (107) for 

men employed earlier (when exposures were higher) than for those 

employed later (128). The ecological study by Inskip et al. (1982) of 

a town with high cadmium soil content showed extreme deficits 

(statistically significant) for "all respiratory diseases", in com- 

parison to all of England and Wales, and also in comparison to a 



similar nearby town with no exposure to cadmium. However, the exposure 

0 in this town was believed to be by ingestion of food grown in con- 

taminated soil, rather than by inhalation. 

In an epidemiological study not reviewed by Friberg et 81. (1974), 

workers from different factories, an electronic workshop, a nickle- 

cadmium storage battery factory, and two cadmium-producing plants, were 

used to examine pulmonary effects (Lauwerys et a1. 1974, 1979). 

Control groups for each factory were selected and matched according to 

sex, age, weight, height, smoking habits, and socio-economic status. 

Two groups of exposed male workers were formed. One group consisted of 

workers who had been was exposed to cadmium dust and fumes for less 

than 20 years with an average length of 7.5 years. The second group 

was made up o'f workers who had been exposed an average 27.5 years 

@ primarily to cadmium oxide fumes. The highest respiratory dust levels 

(undefined) measured in these factories ranged from 21 to 65 pg/m3. 

Both exposure groups had statistically significant decreases in 

spirometric indices of forced vital capacity, forced expiratory volume 

in one second, and peak expiratory flow rate compared to the respective 

controls. These changes were considered to indicate a mild form of 

obstructive lung disease. 

In a second study, Lauwerys et al. (1979) did a more detailed lung 

function test on a group of 18 cadmium workers with more than 20 years 

(average 32 yrs) of exposure. At the time of the study measured total 

airborne cadmium ranged from 3 to 67 pg/m3, but some workers may have 

been exposed to levels higher than 350 pg/m3 prior to 1970. The only 

-33- 



statistically significant changed compared to matched controls was in 

closing capacity. Although a number of parameters indicating obstruc- 

tive lung disease were found to differ from control values, the changes 

were not statistically significant. The authors conclude that the 

functional impairments observed from chronic cadmium inhalation ex- 

posure are only slight compared to the renal effects that were also 

studied. 

A group of non-smoking female workers with an average exposure period 

of 4 . 4  years at total airborne cadmium concentration of 10 pg/m3 (4 

pg/m3 respirable dust level) was also examined by Laurwerys et al. 

(1979). There were no significant lung function changes found for the 

exposed group compared to a matched control group. The negative find- 

ing may be due to the lower exposure level or shorter exposure period. 

Both animal and human studies have found pulmonary effects at airborne 

concentrations of around 20 ,ug/mS. No effects were found in an animal 

chronic inhalation study at levels of 13 to 51 pg/m3 nor in a human 

study at an average exposure level of 4  pg/ms for an average of 4 . 4  

years. 

H. Renal Effects 

Cadmium-induced renal toxicity has been found in experimental animals 

and in both occupationally and nonoccupationally exposed populations. 

This effect has received the greatest amount of attention because it 

has been determined to be one of the most sensitive adverse effects @ 



caused by chronic cadmium exposure (Friberg et al. 1974: EPA 1981). 

The literature on renal toxicity has been reviewed by Friberg et al. 

(1974), Kawai et al. (1976), and EPA (1981). Because this effect has 

been so well-documented, the following discussion will just briefly 

describe cadmium-induced renal toxicity, the postulated mechanism, and 

levels of cadmium needed to induce this effect. 

The earliest clinical sign of cadmium induced renal toxicity is 

proteinuria, which occurs in both experimental animals and humans 

(Friberg et al. 1974). The increase in protein excretion is believed 

to be related to renal tubular damage caused by cadmium which inter- 

feres with protein reabsorption from tubular fluid, a metabolically 

active process. The early stage of this proteinuria is characterized 

by the relatively large increase of low molecular weight proteins and 

the relatively small increase of large proteins like albumin that are 

excreted and is classified as tubular proteinuria. Clinically, the low 

molecular weight protein @,-microglobulin is used as a marker for this 

type of proteinuria. Once damage occurs, followp studies of workers 

indicate proteinuria does not decrease even after exposure ends. Thus, 

renal damage appears irreversible (Piscator 1983). Other signs of 

renal dysfunction are glucosuria and aminoaciduria, although these 

usually occur later than proteinuria or following exposure to higher 

levels of cadmium. An increased incidence of renal stones has also 

been reported in cadmium workers (Friberg et al. 1974). 



Cadmium-induced proteinuria has occurred without detectable morphologi- 

cal changes in the kidneys. However, severe pathological changes do 

occur with chronic cadmium toxicity. These changes are primarily in 

the proximal tubules, which can appear grossly atrophied or dilated 

with the epithelium flattened. There are also changes in the vascula- 

ture and ischemic atrophy of glomeruli (Bonnell 1955). 

The mechanism of renal tubular damage is believed to be an overload of 

the detoxification mechanism for cadmium in the kidney (Friberg 1984). 

As noted in Section V.E, much of the cadmium that accumulates in the 

kidneys is in the form of cadmium-bound metallothionein, which is 

freely filtered through the glomerulus and then reabsorbed by the 

tubular cells like other low molecular weight proteins. Reabsorption 

via pinocytosis results in cadmium-bound metallothionein accumulation 

in the lysosomes, where the protein is catabolized and the cadmium ion 

is released. Free cadmium is normally and rapidly bound to new met- 

allothionein. Toxicity results when the kidneys can no longer produce 

sufficient metallotheionein to bind excess free cadmium. An early 

toxic effect is on the reabsorption process of low molecular weight 

proteins which results in tubular proteinuria. Histopathological 

changes in the vasculature of affected kidneys may also be due to free 

cadmium, since cadmium has been found to affect the vasculature in 

other organs, such as the testes and placenta. 

A dose-response relationship for cadmium-induced renal toxicity, has 

been determined by working backwards from the tissue concentration at 

which toxicity occurs. This is a reasonable approach since the 



biological half-life of cadmium is approximately 10 to 30 years 

(Friberg et al. 1974) 

Several animal studies have shown that morphological changes and/or 

proteinuria occurred with kidney concentrations of 150 to 225 pg/g wet 

weight (Kawai et al. 1976, Nomiyama 1975, Suzuki 1975). Friberg et al. 

(1974) proposed that 200 pg/g wet weight of kidney cortex was the 

"critical concentration" based on limited human autopsy data. The 

critical concentration was never explicitly defined but appears to be 

the average concentration at which an effect was observed. WHO (1977) 

agreed with this estimate, but gave a range of 100 to 300 pg/g. 

Nomiyama (1977) suggested that 200 pg/g wet weight is too low of an 

estimate because Friberg et al. included cases who had morphological 

changes. Morphological changes could indicate loss of cadmium from the 

tissue since dead tubule cells containing cadmium would be sloughed off 

and excreted in the urine. Lower renal cortex cadmium levels were 

found in cases with pathological changes compared to cases that only 

had proteinuria. 

More recent attempts to correlate renal cortex concentration to renal 

toxicity have compared the degree of proteinuria to renal cadmium 

levels determined by the viva measurement technique of neutron 

activation (Roels et al. 1979, 1981, 1983, Ellis et al. 1981). This is 

a noninvasive method that allows tissue measurements of cadmium in 

healthy subjects. Unfortunately, there have not been studies comparing 

this technique to those of conventional analytical techniques (Friberg 

1984). However, it was believed by Friberg, ~jellstrQm, and Elinder to 



be sufficiently accurate to determine the critical concentration 

(~j'ellstrhm et al. 1984) 

Kjellstrim et al. (1984) evaluated the approaches used by Roels et al. 

(1981) and Ellis et al. (1981) to estimate the critical concentration, 

incorporating data generated in these studies to expand the concept of 

"critical concentration" to include the expected population response 

rate designated the "population critical concentration" (PCC) (Friberg 

and Kjellstrhm 1981). The latter is similar in concept to the 

LD,,(lethal dose to fifty percent of a population), so that a critical 

concentration that is expected to affect 10 percent of a population 

would be noted as PCC-10. This new concept is more useful than the 

critical concentration in assessing the risk posed to a population. 

~jellstrhm et al. (1984) estimated that the PCC-50 is about 250 to 270 

pg Cd/g wet weight of renal cortex and the PCC-10 is about 180 to 220 

pg Cd/g wet weight of renal cortex. 

Friberg et al. (1974) estimated the necessary daily retention of cad- 

mium to achieve a renal cortex cadmium concentration of 200 pg/g wet 

weight based on mathematical models that they had developed. Daily 

retention values were estimated for exposure periods of 10, 25, and 50 

years assuming various biological half-lives of cadmium. The assumed 

half-lives ranged from infinite retention to 9.5 years with a 19 year 

half-life considered to be most plausible by Friberg et al. . Table 

VII-1 lists daily cadmium retention values estimated to achieve a renal 

cortex concentration of 200 pg/g wet weight. Using these values a 



Friberg et al. (1974) estimated ambient air concentrations necessary to 

reach the critical concentration in a 10, 25, or 50 year exposure 

period. Absorption from the lungs was considered to be 25 or 50 percent 

(See Section V.A). These ambient air concentrations are listed in 

Table VII-2. For a 50 year exposure period, assuming 50 percent lung 

absorption and a 19 year biological half-life, the corresponding am- 

bient air level is 1.5 pg/m3. Using a similar exposure period and 

biological half-life, the minimum daily cadmium intake from food or 

smoking was estimated to be 350 pg/day and 286 cigarettes/day (0.1 pg 

cadmium per cigarette), respectively. All of these values are inde- 

pendent of each other. Therefore, if ingestion accounted for mosr of 

the daily cadmium retention, as expected, exposure to airborne cadmium 

would have to be reduced to keep the overall daily retention the same. 

Since the PCC-10 value estimated by ~jellstrhm et al. (1984) is similar 

e to the critical concentration originally proposed by Friberg et al. 

(1974), the daily cadmium intake values estimated by Friberg et al. may 

be applicable to the PCC-10 risk level. 



Tablc V I I - 1  

Source: Fr iberg et  d l .  1974, Table 9:2 

Table VII-2 

N m ~ u y  Crlndum Concentralion (ug/m3) in Ambicnl Air lo Reach Critical Cadmium 
C m n n m l i m  (200 Wet Wekht) in KLlnry Corlrr undcf Dilkrrnl A b ~ l p t b n .  Exortion. 
ud Eaporu~~ Time Alterrut~cr (Ventilation = 20 m1/24 hr)' 

Esc~ction per day. % of body 
Expo- b'urdcn (ro~rrspondin: biolqical 

Pulmonary sure I~ali-time in years in parcnthrus) 
aburrption l in~c in 

m) yWrs o (-) n.ooz (95) a.oos OR) 0.01 (191 0.02 ( 9 . 5 )  

Source: r r ihcrq c t  a l .  l ' l 74 ,  7 i 1 1 1 1 ~  9:4  



Recently Ellis et al. (1985) reported a study correlating occupational 

cadmium inhalation exposure to liver and kidney cadmium levels and 

renal dysfunction. The workers were divided into active and retired 

categories with normal or abnormal kidney function. Ellis et al. 

(1985) found a good correlation between the exposure estimates (time- 

weighted cumulative exposure index) for each worker and liver cadmium 

levels (r-0.7, p<0.001). They also found a good correlation between 

exposure levels and kidney cadmium levels in active workers with normal 

kidney function (r-0.83, p<0.001). Active and retired workers with 

abnormal kidney function tended to have lower kidney cadmium levels, 

suggesting a loss of cadmium when toxicity occurs. The percentage of 

workers with abnormal renal function was found to increase with in- 

creasing exposure (see Table VII-3). This relationship was examined 

using linear logistic regression analysis and was found to be best 

"e described by the equation: 

logit p - 1.24 in (TWE) - 8.34 

where p is the probability a worker would be classified as having 

kidney dysfunction, logit p is in (p/l-p), and TWE is the cumulative 

exposure index. 

Using this relationship, the cumulative exposure index for a probabil- 

ity of classifying 10 percent of the workers as having abnormal kidney 

function is about 140 pg/m3. This would be equivalent to continuous 

exposure to an ambient air concentration or 2.8 pg/m3 for 50 years or 

2.0 pg/mS for 70 years. These values are in close agreement with the 



value estimated by Friberg et al. (1974). However, they do not take 

into account exposure from other sources that would be expected to e 
contribute to the cadmium burden in the kidneys. 

Table VII-3 

Incidence of Abnormal Kidney Function 

in Relation to Exposure categorya 

Time Weighted 
Exposure Index Renal Function Classification Incidence 
(yr x pg/m3) Normal Abnormal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a Abnormal kidney function was defined as a urinary @,,-microglobulin con- 

centration of > 200 pg/g creatinine or total urinary protein > 250 mg/g 
creatinine. 

Source: Ellis et al. (1985), Figure 4. 



I. peuroductive Toxicitv 

Cadmium has been found to cause a variety of adverse reproductive 

effects, including gonadal toxicity, decreased fertility, placental 

toxicity, embryo-and fetotoxicity, teratogenicity, and developmental 

effects. Many of these effects have been extensively studied in ex- 

perimental animals and looked for in human populations. Numerous 

recent reviews have been written on the findings of these studies 

(Barlow and Sullivan 1982, Carmichael et al. 1982, Ferm and Layton 

1981, Bhattacharya 1983, EPA 1981). The summary below will give an 

overview of these findings and only cite studies that give no observed 

effect levels or other specific information. 

1. Gonadal Toxicity 

Testicular Damape: It has been well documented that cadmium induces 

testicular necrosis in experimental animals given an acute ?lose by 

intraperitoneal or subcutaneous injection. Pathological changes start 

to occur within hours of exposure, progressing to edema, hyperemia, 

hemorrhage, thrombosis and ultimately necrosis of the interstitial 

tissue and seminiferous tubules. Along with this tissue damage, there 

is loss of androgen production, which may account for changes in some 

accessory sex organs such as the prostate. Cadmium hay also have a 

direct effect on the prostate. Variable recovery of the androgen 

producing tissue does occur; however, there is no regeneration of the 

seminiferous tubules. 



Testicular damage is generally believed to be secondary to cadmium's 

effect on the capillary endothelium. Capillary damage causes the 

micro-vasculature to become obstructed, resulting in tissue ischemia. 

The damage caused by cadmium can be prevented by simultaneous ad- 

ministration of zinc, selenium, cysteine, estrogen, or by pretreatment 

with non-toxic doses of cadmium. The antagonistic effects of zinc and 

selenium may be due to an increased intracellular concentration of 

these metals that prevents cadmium from being incorporated into essen- 

tial zinc or selenium enzymes. Cadmium incorporation may reduce or 

abolish these enzyme activities. Pretreatment of small amounts of 

cadmium probably induces metallothionein synthesis and therefore less 

free cadmium is available. 

Krasovskii et al. (1976) reported that adverse effects in the testicles 

of rats given cadmium chloride in their drinking water at a dose level 

of 0.5 and 5 pg/kg but not at 0.05 pg/kg. EPA (1981) states that these 

reported findings must be viewed with caution because the high control 

blood levels of cadmium reported are not consistant with the dose 

levels and because the doses used are less than those likely to be 

found in food. Dixon et al. (1976) reported that no gonadal effects 

occurred in rats given drinking water containing 1 to 100 pg/l (maximum 

dose 14 pg/kg/day) for up to 90 days. Similarly, Loeser and Lorde 

(1977) reported that no effects occurred in rats fed diets containing 1 

to 30 ppm cadmium chloride. Senczuk and Zielinska-Pauja (1977) did 

report finding damage to spermatogenic tubules and slight interstitial 

tissue hypertrophy in rats fed diets containing cadmium chloride at 8 

or 88 mg/kg diet (ppm) for 12 to 15 months but not when fed the diets 0 

-44-  



for 3 or 6 months. The extent of damage to the spermatic tubules could 

not be ascertained nor could the study be evaluated since the informa- 

tion was reported in an abstract. 

Ovarian dama~e: High doses of cadmium chloride, 3 to 10 mg/kg, given 

by subcutaneous injection have been reported to cause ovarian hemor- 

rhage in mice and rats. Lower doses of 0.22 and 0.45 mg cadmium/kg 

produced this effect in immature and mature gerbils. Although ovarian 

follicles in rats underwent mass atresia following injection, upon 

recovery new follicles differentiated from primordial oocytes and the 

ovary appeared histologially normal. The effect was found to be in- 

hibited with simultaneous injection of zinc or selenium. Der et al. 

(1977) reported that daily intramuscular doses of 50 or 250 pg of 

cadmium chloride for 54 days did not induce any histological change in 

ovaries of treated rats even though a persistent diestrus was seen in 

the high dose animals. 

2. Fertility 

Following cadmium-induced testicular atrophy, there is regeneration of 

the interstitial tissue. However, there is little or no regeneration 

of spermatogenesis, so that infertility has been observed in several 

studies. At a dose, 1 mg/kg by intraperitoneal injection, that caused 

little or no histopathological effect in the testes, a study in mice 

indicated that fertility can be reduced, but recovery is possible (Lee 

and Dixon 1973). 



The effect of cadmium on the fertility of females has not been well- 

studied. Only one study (Sutou et al. 1980) suggested that females 

given an oral dose of 10 mg/kg/day for three weeks had reduced 

fertility. Doses of 0.1 and 1 mg/kg/day had no effect. In this study 

the males were also treated, but, when mated with untreated females, no 

effect on fertility was observed at any dose level. 

3. placental Toxicity 

Cadmium has been shown to induce acute hemorrhagic necrosis of the 

placenta in laboratory animals given high doses (>1 mg/kg) by systemic 

injection. Toxicity is believed to be due to cadmium's effect on the 

vasculature of the placenta, producing ischemia in the tissue similar 

to the effect found in the testes. Cadmium may also be directly toxic 

to placental tissue (Di Sant'agnese et al. 1983). 

4. Embrvo and Fetotoxicitv and Teratoeenicity 

Cadmium is fetotoxic: exposure to levels as low as 8 ppm in the diet 

3 or 600 pg/m in the air throughout pregnancy induced a decrease in body 

weight and hemoglobin levels of fetal or newborn rats. Following 

parenteral administration of cadmium at dose levels of around 1 mg/kg, 

an increase in the percentage of resorptions per litter was observed. 

Large doses of cadmium produce rapid fetal lethality due to cadmium's 

placental toxicity. 



In addition to causing fetal toxicity, cadmium is also teratogenic. 

This effect has been observed in an extensive number of studies on a 

variety of laboratory rodent species, as well as in a few studies on 

birds, fish, and amphibia. The major abnormalities reported to occur 

in rodents are cleft palate, limb defects, incompletely developed lung, 

and CNS defects, such as hydrocephalus and exencephalus. 

The dose of cadmium required to induce malformations in rodents has 

been in the range of 0.6 to 5 mg/kg given parenterally during the 

period of organogenesis. Ishizu et al. (1973) reported that a sub- 

cutaneous injection of 0.63 mg/kg cadmium on day 7 of pregnancy induced 

a small number of malformations in mice; however, a dose of 0.33 mg/kg 

did not induce such effects. Nolen et al. (1972a) reported an increase 

in malformations in rats orally treated with cadmium at 4 mg/kg from 

'a days 6 to 14 of gestation, but not when treated at dose levels of 0.01 

mg/kg. However, this finding of malformations could not be replicated 

in a second study (Nolen et al. 1972b). 

Cadmium fetotoxic and teratogenic effects have both been found to be 

antagonized by simultaneous administration of zinc or selenium. 

Pretreatment with low doses of cadmium have also decreased the 

fetolethality and teratogenicity of cadmium. This latter effect is 

probably due to induction of metallothionein, which then detoxifies the 

later dose of cadmium. 



5. peveloomental Effects 

Animals studies have indicated that developmental effects occur follow- 

ing exposure during gestation, including decreased weight gain, 

depressed spontaneous activity and other neurobehavioral deficits. One 

explanation for these effects is that some essential elements, such as 

zinc, copper and iron, are inhibited from crossing the placenta by 

cadmium (Carmicheal et al. 1982). 

6. Human Reoroductive Effects 

Few studies have dealt with cadmium's effect on human reproduction. 

Smith et al. (1960) reported on the histopathology of testes in an 

autopsy series of five cases with work histories of intermittent oc- 

cupational exposure to cadmium fumes ending 5 to 19 years before death. 

The testes were found to be microscopically normal; however, low levels 

or an absence of spermatids and spermatozoa were observed 

microscopically. The authors suggested the effects on spermatids and 

spermatozoa were due to the terminal illness and not cadmium exposure. 

Favino et al. (1968) reported that one of ten male workers manufactur- 

ing nickel-cadmium storage batteries was impotent but no conclusion can 

be drawn from this anecdotal report. 

Tsvethkova (1970) reported that children born to women working in an 

alkaline battery factory and a zinc molding factory, where cadmium 



exposures ranged from 0.1 to 25 mg/mg and 0.02 to 25 mg/m3, respec- 

tively, had significantly lower birth weights than an unexposed control 

group. Four of 27 children born to women working in the zinc molding 

factory were reported to be born with clear signs of rickets. The 

details provided in the study are not sufficient to evaluate these 

results (Barlow and Sullivan 1982). 

7. Conclusion 

Animal studies have shown that cadmium can have multiple effects on 

reproduction. It is toxic to the gonads and placenta and can cause 

fetotoxicity and teratogenicity. Adequate human evidence of 

reproductive toxicity is lacking and a no-observed-effect-level (NOEL) 

cannot be estimated from human data. Animal data would suggest the 

NOEL to be no greater than 100 pg/kg/day. This would be equivalent to 

an airborne concentration of about 330 pg/m3. Even when safety factors 

are included to take into account population and species variability, 

and exposure duration, the ambient exposure level is below what might 

reasonably be considered a safe exposure level for reproductive 

toxicity. 

J. Carcinogenic Effects 

The mutagenic potential of cadmium has been examined using a variety of 

methods and test systems. Prokaryotic systems have been used to assess 



gene mutation and reparable genetic damage caused by cadmium. Gene 

mutation has also been studied in yeast, Drosophila, and mammalian 

cells. and invivo work has been done to assess the role of 

cadmium in inducing chromosomal aberrations in mammalian systems in- 

cluding humans. Many of these studies have recently been reviewed and 

evaluated by EPA (1985). The following discussion summarizes the 

general findings from these studies. 

Using Salmonella twhimurium tester strains, several studies have 

indicated that inorganic cadmium salts do not induce gene mutations. 

A positive response was observed in one study where cadmium diethyl- 

thiocarbamate was tested (Hendenstedt et al. 1979). This effect 

occurred at only one of the intermediate concentrations used, so no 

dose-response relationship was observed. However the effect occur at 

that concentration in two different tester strains. Zinc diethyl- 

thiocarbamate was also mutagenic in this study, suggesting that 

diethylthiocarbamate and not cadmium was the mutagenic moiety. The 

results of two studies using the Bacillus subtillis rec-assay indicate 

that cadmium in soluble inorganic salts is weakly mutagenic in that 

system (Nishioka 1975, Kanematsu et al. 1980). Cadmium was also found 

to act synergistically with a potent mutagen, N-methyl-N-nitro-N- 

nitrosoguanidine, in the S, tvvhimurium test system (Mandel and Ryser 

1981). 

Cadmium chloride was reported to produce a positive mutagenic response 

in the yeast Saccharomvces cerevisiile (Takahashi 1972). However, this 

effect was weak and did not follow a dose-response relationship. In a 



addition, one endpoint, petite mutations, involve mitochondria1 DNA and 

not nuclear DNA. 

Positive mutagenic responses have been reported for cadmium chloride 

and cadmium sulfate when tested in the mouse lymphoma L5178YTK+/- assay 

system. This effect occurred in a dose-related manner at cadmium 

-7 concentrations between 10 and ~ o - ~ M  (Oberly et al. 1982). Other 

mammalian cell test systems have also been reported to show weakly 

positive mutagenic activity when soluble cadmium salts were used. 

A number of studies have been conducted with proso~hila melanogaster as 

the test organism, using different endpoints to test cadmium 

mutagenicity. Most test results were considered negative (Sorsa and 

e Pfeifer 1973, Sabalina 1968, Ramel and Magrusson 1979, Inone and 

Watanabe 1978). The results reported for one study, however, indicated 

that cadmium chloride induced an increased frequency of dominant lethal 

mutations (Vasudev and Krishnamurthy 1979). 

Cadmium's ability to induce chromosomal aberrations has been studied in 

systems using human cells and other mammalian cell lines with 

mixed results. Cadmium sulfide was reported to have induced a large 

number of chromosomal aberrations in human lymphocytes in one study 

(Shiraishi et al. 1972). This study has been criticized because the 

cells came from only one donor, only one concentration of cadmium was 

used, the solvent used for the insoluble cadmium compound was not 

stated, and only a limited number of cells were examined. A second 

study was also reported to have been positive using human lymphocytes 



exposed to cadmium acetate over a concentration range of 4 orders of 

magnitute (Gasiorek and Barichinger 1981). Although there was a dose- 

related increase in chromosomal gaps, the increase in structural 

aberrations was not dose-related. Other studies with human lymphocytes 

using similar concentrations were reported to be negative. 

Soluble cadmium salts have been reported to induce chromosomal aberra- 

tions in other cultured mammalian cells at concentrations similar to 

the ones that caused this effect in human lymphocytes. Rohr and 

Bauchenger (1976) found that cadmium sulfate induced numerical 

chromosomal aberrations in the Chinese hamsters cell line "Hy" by 

interfering with spindle function. Cadmium chloride induced 

chromosomal aberrations in cultered Chinese hamster ovary cells when 

grown in the presence of bovine serum but not when the bovine serum in 

the media was replaced by fetal calf serum (Deaven and Campbell 1980). 0 
This suggests the culture media used can influence the outcome of n 

study . 

As in the other test systems, results from lg) viva animals studies on 

cadmium mutagenicity and clastogenicity have been mixed. Several 

mutagenicity studies looking for dominant lethal effects in rats gave 

negative results. However, dominant lethal assays are relatively 

insensitive for detecting all types of mutagens (Russel and Matter 

1980). On the other hand, several studies showed that cadmium treat- 

ment induced nondisjunction in oocytes and blastocytes of experimental 

animals. Cadmium chloride did not induce chromosomal aberrations nor 



increase the frequency of micronuclei in bone marrow cells of treated 

a mice. 

A number of studies have examined whether occupational or environmental 

exposure to cadmium increased the number of chromosomal aberrations 

found in human blood lymphocytes. Two out of six studies reviewed by 

EPA (1985) reported significant increases. One of the positive studies 

had been on Itai-Itai patients, but a negative study was also reported 

in Itai-Itai patients (Shiraishi 1975, Bui et al. 1975). Patients from 

the negative study had not been given drugs or x-rays while the cohort 

of the positive study was not controlled for these factors, which can 

seriously influence the results of 'this type of study. The cohort from 

the other positive study had been occupationally exposed to cadmium and 

other metals. These other metals may also have had an effect. ,e 
Although not all genotoxicity studies on cadmium were positive, the 

results of several studies on mammalian and bacterial gene mutation and 

chromosomal aberrations in-cultured mammalian cells and intact animals 

that suggest that cadmium is mutagenic. However, a definitive conclu- 

sion cannot be made until the bases for discrepancies in results of 

similar studies are better understood. 

In summary, bacterial test systems have given conflicting results. 

Inorganic cadmium salts failed to induce reverse mutations in 

Salmonella tmhimurium tester strains used in an Ames assay system; * 
however, they were found to be weakly mutagenic to Bacillus subtilis 

strains used in the rec-assay system. The discrepancy could be from 



species or assay system differences. Soluble cadmium salts were weakly 

mutagenic in a number of studies using mammalian cells. Although the 

high concentration of cadmium proved to be toxic in some studies, 

e 
positive findings were obtained when cell survival was considered 

adequate. Only one of a number of mutagenicity studies using 

Drosouhila melanovaster reported positive findings. In vivo animal 

mutation studies have been negative, but these studies are relatively 

insensitive. 

Mixed results were found in studies that examined cadmium's ability to 

induce chromosomal aberrations in cultured animal and human cells. One 

study indicated that cadmium may cause some aberrations by interfering 

with spindle function. Results of another study suggest that culturing 

conditions could significantly affect the results and thus make it 

difficult to draw any conclusions from these in vitro studies on 

chromosomal aberrations. &J animal studies have produced mixed 

results. The positive findings indicated that cadmium affected spindle 

function. These findings in v- correlate with the findings of one in 

study. Although an increase in chromosomal aberrations has been 

found in two studies on lymphocytes taken from exposed humans, con- 

founding factors may have affected the validity of these results. 

The information reviewed suggests that cadmium may induce mutations and 

chromosomal aberrations. However, this evidence is limited and in a 

number of cases there are conflicting results. Therefore, at this time 

the staff of DHS regards the evidence of genotbxicity as suggestive but 

inconclusive. 



- 
Animal Studies 

Cadmium has been the subject of numerous studies in experimental 

animals to determine its carcinogenic potential. Many of these studies 

involved subcutaneous or intramuscular injection, others oral ad- 

ministration, and several recent studies have involved intratracheal 

injection or inhalation of an aerosol. These studies have been exten- 

sively reviewed elsewhere (IARC 1973, 1976; EPA 1981, 1985; Sunderman 

1977) and for the most part will only be briefly discussed here. 

Iniection Studies 

Most studies in which rats were given subcutaneous or intramuscular 

injections of a cadmium compound found that injection site tumors 

formed. The cadmium compounds used were primarily soluble inorganic 

cadmium salts, but insoluble cadmium salts and cadmium metal powder 

were also effective in inducing tumors. The tumors that were formed 

were sarcomas, which are the most common type of injection site tumor. 

Induction of injection site sarcomas can indicate a compound is car- 

cinogenic, but the studies are not useful for quantitative evaluation 

of the compounds carcinogenic potential because of the atypical route 

of exposure. The vast majority of injection route studies have been in 

rats and only a small number of mouse studies have been reported. 

Injection site tumors have not been seen in the few studies conducted 

with mice. 



Although injection site tumors were not found in mice, in one study a 

high incidence of interstitial-cell tumors of the testis was found in 

treated mice, while no such tumors were found in control animals (Gunn 

et al. 1963). Tumors formation followed cadmium-induced testicular 

damage and tissue regeneration. Similar findings of a high incidence 

of interstitial-cell testicular tumors were also reported to have 

occurred in a number of rat studies (Gunn et al. 1964; Levy et al. 

1973; Poirier et a1. 1983). In a recent study (Poirier et a1 1983), 

rats given a subcutaneous injection of cadmium chloride were found to 

have a significantly increased incidence of pancreatic islet cell 

tumors (3 of 137 control, 22 of 259 treated; p<0.02). This is of 

interest because the pancreas is one of the tissues found to accumulate 

cadmium. 

In two studies Gunn et al. (1963,1964) injected rats with zinc acetate @ 
at the same site as cadmium chloride but at 100 times the dose. They 

found that zinc decreased the incidence of local and interstitial cell 

testicular tumors. Poirier et al. (1983) found that magnesium acetate 

injected at the same site as cadmium chloride at 300 to 600 times the 

dose inhibited formation of local tumors but did not have a noticeable 

effect on the induction of testicular tumors. 

pral Administration 

Several of chronic studies have been conducted in which soluble cadmium 

salts were administerd to mice or rats via their drinking water or diet 

or by gavage. None of these studies indicated that cadmium was 



carcinogenic. The most adequate studies conducted include those done 

by Levy and Clack (1975) and Levy et al. (1975) who examined the car- 

cinogenicity of cadmium sulfate in rats and mice, respectively. Groups 

of 50 male rats were given weekly oral doses of 0.087, 0.18, or 0.35 mg 

cadmium sulfate/kg for a two year period. No increase in tumor in- 

cidence was observe. Groups of 50 male mice were given weekly oral 

doses of 0.44, 0.88, or 1.75 mg cadmium sulfate/kg. No increase in 

tumor incidence compared to the control group was observed in this 

study. The primary objective of these studies was to investigate 

prostate cancer and therefore the number of tissues examined was 

limited. In addition the rat strain used has a normal high lifetime 

incidence of spontaneous interstitial cell tumors which makes it very 

difficult to observe an increase in this type of tumor. 

EPA (1985) evaluated an unpublished FDA (1977) study. Groups of 26 to 

32 male and 26 to 29 female Charles River rats were given diets con- 

taining 0, 0.6, 6, 30, 60, 90 ppm cadmium chloride for 103 weeks. No 

increase incidence of any tumor was found. These levels of cadmium did 

not have an effect on survival, although electron microscopy revealed 

some changes in the kidneys. 

Loeser (1980) also conducted a two year carcinogenic bioassay in rats. 

Groups of 50 male and 50 female Wistar rats were given cadmium chloride 

in their diets at concentration of 0 ,  1, 3, 10, or 50 ppm cadmium. The 

only statistically significant effect was a reduction in body weight of 

the high dose male group. 



Jnhalation and Intratracheal Administration 

Sanders and Mahaffey (1984) examined the carcinogenic potential of 

cadmium oxide in male rats by intratracheal instillation. The rats 

were treated one, two or three times with 25 pg of cadmium oxide. The 

first administration was given at 70 days of age and then at 100 and 

130 days of age depending on the total dose to be given. i.e. 25, 50, 

or 75 pg. The animals were then followed for their lifetime. No 

differences were found in survival times or organ weights between 

treated and control groups. Using life-table and contingency table 

statistical analyses a significant increase in benign mammary 

fibroadenomas was observed in the high dose group. Additionally, there 

was a significant increase in the number of rats in the high dose group 

that had three or more tumor types. 

Hadley et al. (1979) exposed a group of 61 male Wistar strain rats one 

time to an airborne cadmium oxide aerosol concentration of 60 mg/mg for 

30 minutes. The mass median diameter of the particles was 1.4 pm with 

a geometric standard deviation of 1.9 pm. Seventeen animals were used 

as controls. Twenty-seven exposed animals died within three days from 

acute pulmonary edema. The remaining animals were then observed for 

one year. No morphological changes were noted in the lungs of exposed 

animals, although one animal did have a well-differentiated pulmonary 

adenocarcinoma. The authors observed that this tumor's relatively 

short latency period and the low spontaneous incidence (0.1%) of such 

tumors suggested that it resulted from cadmium exposure. 



Both the Sander and Mahaffey (1984) study and the Hadley et al. (1979) 

study are not adequate to assess carcinogenic potency, since the 

animals were only exposed for short periods and, in the Hadley et al. 

(1979) study, were not followed for sufficient time. Without con- 

tinuous exposure, effects in the lungs may not occur or the study may 

not be sensitive enough to detect adverse effects. 

In the only long-term inhalation study, Takenaka et al. (1983) exposed 

rats to several concentration of a cadmium chloride aerosol. Groups of 

40 male Wistar rats were exposed to a continuous (23.5 hours/day) 

airborne concentration of 13.4, 25.7, or 50.8 pg of cadmium/ms of air 

for 18 months. A control group of 41 rats was exposed to filtered room 

air. The aerodynamic mass median diameter of the aerosol particles was 

0.55 pm with a arithmetic standard deviation of 0.48 pm and a geometric 

standard deviation of 1.8 pm. The rats were followed for an additional 

13 months before surviving rats were sacrificed. 

There were no statistically significant differences seen in body weight 

or survival between exposed and control groups. The incidence of lung 

carcinomas was significantly increased (p > 0.014, Fisher's Exact Test) 

in all exposure groups. Three lung tumor types were identified, 

adenocarcinoma, epidermoid carcinoma, and mucoepidermoid carcinoma. 

The numbers of animals in each group that had these tumors types are 

given in Table VII-4. The first lung tumor was observed at 20 months. 

In the high-dose group, the first tumors were observed at 23 months and 

23 out of 25 animals in this group dying or sacrificed after 27 months 

had lung tumors. Thus, these appear to be late-developing tumors. 



Table VII-4 

Lung Tumors i n  Rats Exposed t o  
Cadmium Chloride Aerosols 

No. of Rats No. of Rats with Tmors 
a Exposure Croup Examined 

Histological1 y Adenocarcinona Epidermoid Plucoepidermoid Total 
Carcinoma Carcinoma Carcinomas 

Control 38 

1 3.4ug/m 3 39 

25.7ug/m 3 38 
3 50.8pgIm 35 

a 
Airborne exposure concentrations a r e  based on the cadmium, not  cadmium chloride,  concentration. 

One r a t  had both an adenocarcinoma and an epidermoid carcinoma. 

Source: Takenaka e t  a l .  1983. 



This observation suggests the need for studies of long duration in 

order to detect increased tumor incidence from exposure to other cad- 

mium compounds. 

Summary 

Injection and inhalation exposures to cadmium have caused increases in 

the incidence of neoplasms. No study, in which cadmium has been ad- 

ministered by the oral route, has shown such exposure to induce 

neoplasms. The most likely explanations for this discrepancy are that 

limited gastrointestinal absorption reduces the systemically absorbed 

cadmium to levels that were too low for the statistical power of the 

studies to detect a carcinogenic response and the gastrointestinal 

tract epithelical tissue is not a sensitive tissue for cadmium induced 

carcinogenicity. 

Human Studies 

The EPA has produced a detailed and up-to-date review of the 

epidemiologic evidence on health effects due to cadmium exposure (EPA 

1985). Staff members of DHS have summarized the most important and/or 

current studies in Table VII-5. Most of the studies were occupational 

mortality studies in which cause-specific death rates were compared to 

expected rates based on a standard population; the ratio of observed to 

expected yielding a standardized mortality ratio (SMR). The studies by 

Thun et al. (1985) and Varner et al. (1983) are both follow-up studies 

of the cohort examined by Lemen et al. (1976). The study by Armstrong a 



and Kazantzis (1983) combined men from 17 plants in which a potential 

for cadmium exposure is present. Two studies focused on prostate 

cancer incidence rather than mortality: a cohort study in an occupa- 

tional setting (Sorahan and Waterhouse, 1985); and a case-control study 

from a population-based tumor registry (Ross et al. 1983). Inskip et 

a1 (1982) conducted an historical cohort SMR study on the populations 

of two towns, one with and the other without high soil cadmium content. 

A case-control study of renal cancer examined cadmium exposure via 

several routes (Kolonel 1976). 

Outcomes examined in these investigations included cancer of the 

respiratory tract, prostate, bladder, kidney, and gastrointestinal 

tract; nonmalignant causes of death included: gastrointestinal dis- 

ease, respiratory disease, nephritis and nephrosis, cerebrovascular 

disease, and hypertension. The results are not entirely consistent, 

but the evidence for an effect of cadmium exposure is strongest for 

lung cancer, prostate cancer, renal cancer, and nephritis and 

nephrosis. Discussions of carcinogenic effects are presented below in 

three sections: 

(a) Genitourinary Cancer 

(b) Respiratory Cancer: Overview 

(c) Respiratory Cancer: Study by Thun et al. 



Table VII-5 

Sumnary of Salient Epidewlogic Studies on Carcinogenicity of Inhaled Cadmium 

AUTHOR L DATE S T W Y  DESIGN )IETHCO OF II WTCONES RESULTS NOTES 
ANALYSIS 

HW EXPOSURE ASSESSED 

L m  et sl. 1976 Occy, SUR SWR 292 All cancer + No quantification 
Resp Ca + 

Cohort consists of Prostate Ca + (+) significant only 
all wrkers rxposed to uhen analysis a s s d  

cahfun and enployed for a 20-year m i n i m  

z 2 years latency period 

3 
~ h r n  et el. 1985 Oecup SllR tfollolnp of SUR 602 A11 cancer Curulative mg-dayslm 

LM et al. but Resp Ca + Strong dose-resme, using industrial hygiene 

expsnded cohort1 unlikely to be due to confarders. surveys since 1943 and 

Prostate Ca - Authors suggest nonfatal cases personal nanitor measure 
m y  be In excess, but no n u  nents in 1973-1976. 

deaths since stujy by Lemen et at. 

Genito-urinary Ca 

Normalign GI dis + 
Nomalign resp dis - 

Varner 1983 Occlp PUR Ifollanp of PWR 585 All Ca + Sam? as Thim et at. but 
3 

L e n  ct al; expanjed lung ca + Dose response, potential for s m  in cmlative mg-yearslm 
cohort differs f r m  confamding due to smoking 

Thur by including Urinary organ Ca + p < .01 

nonuhites, namales, ard Bladder Ca + p c .Ol 

guards and janitoral Ulcer of stomach + 
and duodenm 

Normalign resp dis + 

Andersson et al. &cup SMR SUR 525 All Cancer 
19% Nephritis ard + 

All nen uere also ex- nephrosis 

posed to nickel, a Lung Ca 

recognized carcinogen. 

Prostate Ca ( -1  
Bladder Ca ( - )  

Obstructive lung dis ( - 1  

Duration of enployment. 

significant in those with at Authors acknouledge de- 

least 15 years exposure ficiency in this measure 

smoking habits among those alive due to sharp decline in 

in 1981 were similar to those of Ed Levels over time. 

Sweden es a uhole 
( - )  "possibly" elevated 

though not statistically 
significant 
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Genitourinarv Cancer 

Noncarcinogenic effects of cadmium on kidney function have been well 

documentd (See Section VII.H), however, the rarity of renal cancer 

renders prospective studies impractical for detecting an increase in 

neoplasms at this site. A case-control study of renal cancer among an 

occupationally exposed population utilized two control groups: (i) 

colon cancer cases (as a means of equalizing proclivity for recall of 

previous exposure), and (ii) nonmalignant digestive disease cases 

(Kolonel 1976). The renal cancer cases were characterized by a greater 

odds of having worked in a job with a high risk of cadmium exposure 

than either control group. Later findings by Thun et al. 1985, Varner 

1983 showed that nonmalignant digestive disease may also be associated 

with cadmium exposure. Since any association between the disease of 

the control group and cadmium will tend to mask the effect on renal 

cancer, the positive finding by Kolonel is more convincing. In addi- 

tion, a review of death certificates by Andersson et al. (1984) 

disclosed a case of renal cancer, which the authors believed was due to 

30 years of cadmium exposure. Staff members of DHS conclude that the 

evidence is insufficient to infer causation, but is suggestive of an 

association between cadmium exposure and renal cancer. 

The case for an association with prostatic cancer remains inconclusive. 

Table VII-6 summarizes the epidemiologic evidence for such an 

association. Lemen et al. (1976) found an excess of prostate cancer 

deaths among 292 workers employed for greater than two years in a job 



with potential cadmium exposure. The excess was significant if the 

analysis assumed a 20-year latency period. However, a follow-up study 

of this cohort by Thun et al. (1985) uncovered no new deaths due to 

prostatic cancer. The authors suggested that given the generally 

nonfatal nature of the disease, mortality studies frequently may not be 

sensitive enough to detect a potentially real association with in- 

cidence of prostate cancer. Sorahan and Waterhouse (1983, 1985) 

followed up a 1967 report by Kipling and Waterhouse which had found a 

highly significant excess incidence of prostatic cancer. Both the 

incidence report (Sorahan & Waterhouse, 1985) and the mortality study 

(Sorahan & Waterhouse, 1983) found no significantly elevated risk if 

the original four index cases were excluded. However, inclusion of 

these cases in the analysis yielded a highly significant association. 

For mortality, using cumulative years of high exposure to cadmium, the 

p-value was less than .05 when controlling for sex, year of study, 

employment, age at starting employment, and duration of employment. 

For morbidity, using more than one year of high exposure, p<0.001 (1.99 

expected, 8 observed, p-value not given by authors but calculated by 

DHS staff based on a Poisson distribution). Tumor incidence was deter- 

mined using the Birmingham Regional Cancer Registry. The authors do 

not provide information on completeness of ascertainment by this 

registry. 

The SMR study by Andersson et al. (1984) and the matched case-control 

study by Ross et al. (1983) both failed to reject the null hypothesis 

of no effect on risk of prostate cancer. However, the SMR was con- 

sidered n p ~ ~ ~ i b l y "  increased and the lack of statistical a 



Table VII-6 

Association Between Cadmium Exposure 
and Prostate Cancer Deaths 

Magnitude of Significant 
Authors Association at p<.05 --------------------------------.------------------------------------------- 

Sorahan & Waterhouse 1983 SMR-121 excluding 4 index cases N~ 

Armstrong & Kazantzis 1983 SMR-99 for entire cohort N 

Andersson et al. 1984 SMR-129 for entire cohort N 
-188 for those with >15 
years exposure 

Inskip et al. 1982 SMR-121 N 

Lemen et al. 1976 

Ross et al. 1983 

Thun et al. 1985 

SMR-348 for all workers N 
4 5 2  for those with >20 Y 
years followup 

SMR-213 for those with >20 N 
years followup and 
>2 years exposure 

Varner 1984 PMR-16 9 N 

a 
?i if 4 index cases are included 



significance could have been due to deficiencies in the measure of 

exposure. Similarly in the study by Ross et al., the odds ratio (OR) 

for cadmium exposure among prostatic cancer cases as compared to con- 

trols was 2. The smallest OR which would have an 80% chance of being 

detected as statistically significant in a study this size is 4, thus 

the lack of significance should be interpreted cautiously. 

Calculations of the statistical power for detecting relative risks of 

1.25, 1.5 and 2.0 for "negative" studies of prostate (and respiratory) 

cancer mortality are shown in Table VII-7. It is clear that, in 

general, the power of these studies was not sufficient to detect the 

small relative risks for prostate cancer deaths expected from cadmium 

exposure. 

The evidence appears to be inconclusive regarding the effect of cadmium 

exposure on prostatic cancer. Given the highly significant early 

reports, it may be that cadmium acts as a promoting agent, inducing 

earlier tumors in those already susceptible. This effect may have been 

reduced markedly in recent years due to the lowering of exposure 

levels, sometimes by an order of magnitude or more (Thun et al. 1985, 

Andersson et al. 1984, Sorahan and Waterhouse 1985). Thus, those with 

earlier exposure may have been at highest risk, and the cohorts most 

recently studied, being heterogeneous with respect to their exposures, 

show only nonsignificant increases in prostate cancer incidence, e.g., 

a doubling or less, and no increase in mortality. 



Table VII-7 

Power to Detect an Elevated SMR at a - 0.05 

1. prostate Cancer 

Thun et al. 1985 

Andersson et al. 1984 

Sorahan & Waterhouse 1983 

Inskip et al. 1982 

2. Res~iratorv Cancer 

Andersson et al. 1984 

If true SMR is: 

L a  - 150 2&? 



Because the human studies repeatedly find some elevation in risk, 

albeit a nonsignificant one, the staff of DHS does not believe that the 

is evidence is conclusive to reject an effect of cadmium on prostate 

cancer. 

The PMR analysis by Varner (1983) showed the proportion of bladder 

cancer deaths to be in excess of what would be expected in the standard 

US population. The occupational SMR study by Andersson et al. (1984) 

showed a nonsignificantly elevated risk of bladder cancer deaths. The 

data are too scant to be conclusive regarding the effect of cadmium 

exposure on bladder cancer. 

Res ' at0 -w 

Table VII-8 summarizes the epidemiologic evidence relating respiratory 

cancer SMR's to cadmium exposure. A significantly increased risk of 

respiratory cancer deaths was seen by Lemen et al. (1976), Thun et al. 

(1985), Sorahan and Waterhouse (1983), Varner (1983), and Armstrong and 

Kazantzis (1983), but not by Inskip et al. (1982) nor by Andersson et 

al. (1984). However, the assessment of exposure in the two towns 

investigated by Inskip et al. relied only on 1979 soil samples for 

exposure from 1939 to 1979. Even with a questionable exposure assess- 

ment, males in the exposed town had a lung cancer SMR which, while not 

statistically significant, was nearly double that of males in the 

unexposed town (101 vs 55). The other negative study (Andersson et 



Table VII-8 

Association Between Cadmium Exposure 
and Respiratory Cancer Mortality 

Significant 
Authors SMR at p<.05 
- - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - * - . - - - - - - - - - -  

Sorahan & Waterhouse 1983 127 

Lemen et al. 1976 235 

Thun et al. 1985 229 Y 

Armstrong & Kazantzis 1983 

Inskip et al. 1982 10lb N 

Andersson et al. 1984 120 N 

a 
For workers with >10 years exposure in the 'always low' category (the 
number of workers with "ever medium" and "ever high" exposures was 
small). 

b 
vs. SMR-55 for the unexposed town. 



al.) had low statistical power to detect a SMR of less than 200 (see 

Table VII-7). In other studies, the range of SMR's for respiratory * I 
cancer was 120-230 (see Table VII-8). The staff of DHS concluded 1 
thatthe two negative studies for respiratory cancer are not convincing 

evidence of no effect, due to low statistical power in one study and 

poor exposure data in the other. 

The study by Thun et al. (1985) showed a positive dose-response 

relationship where dose was expressed as cumulative mg-days/ms. Varner 

(1983) reported the lung cancer PMR (proportional mortality ratio) to 

be elevated (see Table VII-5 for description of how this cohort differs 

from that of Thun et a .  Sorahan and Waterhouse (1983), in two 

separate analyses, found an elevated risk of respiratory cancer. The 

first analysis was based on the SMR and included all potentially ex- 

posed workers. The second analysis used the regression method of life 

tables (RMLT) and assessed exposure by cumulative years employed in a 

(1) high exposure job or (2) high or moderate exposure job or (3) high 

or moderate exposure job excluding welding. Measures (2) and (3) 

resulted in a significant effect of exposure on respiratory cancer, 

particularly for those with more than 30 years of follow-up. 

In epidemiologic studies, the potential for confounding due to ex- 

traneous risk factors requires attention. If a cadmium-exposed cohort 

smoked excessively, or experienced exposures to other carcinogens, such 

as nickel or arsenic, then the apparent association between cadmium and 

respiratory cancer, for instance, could be at least partially explained 

by these factors. 



Heavier smoking among cadmium workers as compared to the general 

population could account for the small but statistically significant 

SMR for lung cancer (126) observed by Armstrong and Kazantzis for those 

exposed >10 years at the "always low" catagory. No smoking histories 

were available. Sorahan and Waterhouse also lacked data on smoking, 

but they argue that smoking was unlikely to have been a confounder for 

two reasons. First, their analysis showed an increasing association 

with duration of employment, while smoking habits are unlikely to be 

well-correlated with duration of employment. Secondly, deaths from 

other diseases of the respiratory system were not elevated, as they 

would have been if the cohort had included a disproportionate number of 

smokers. However, the effect of nickel hydroxide could not be disen- 

tangled from that of cadmium oxide in this cohort. 

The strongest evidence for cadmium-induced carcinogenicity in humans is 

the study conducted by Thun et al. The characteristics of this study 

which make it particularly convincing are the quality of the exposure 

data and the analysis of potential confounding. Since the quantitative 

results of this study constituted the basis for the DHS risk assessment 

of cadmium, a full description of this study is presented below. 

While some of the observed association between lung cancer and cadmium 

may be explained by confounding factors, the consistency of results for 

several cohorts and several types of analyses, the dose-response pat- 

tern seen in the one study with quantitative exposure data, the finding 

in some studies that other smoking-related causes of death were not 



elevated, and the magnitude of effect observed, suggest that confound- 

ing cannot explain all of the association. 

The evidence from epidemiology strongly supports the hypothesis that 

cadmium exposure is associated with an increased risk of respiratory 

cancer. Since this site has also been implicated in animal bioassays 

of carcinogenicity, DHS staff members concluded that there is a high 

probability that the observed association is not spurious and that an 

inference of causality is justified. 

Ees~iratorv Cancer : Studv bv Thun et al. 

Thun et al. conducted a follow-up of the report by Lemen et al. (1976). 

who had found an increase in mortality from respiratory and prostate e 
cancer and from nonmalignant lung disease in a cohort of cadmium smel- 

ter workers. Thun et al. expanded the cohort and extended the follow- 

up period. The final cohort included those hired after 1925 and 

employed 6 months or longer in production areas of the plant during the 

period 1940-1969. The cause-specific death rates were adjusted by the 

indirect method to yield standardized mortality ratios (SMRs) and by 

the direct method to yield standardized rate ratios (SRRs). The SMR 

for lung cancer in the overall cohort was 147, while for those with 2 

or more years of employment it was 229, with a 95% confidence interval 

of (131,371). 



Exposure data that had been collected since the 1940's allowed evalua- 

tion of the lung cancer SMR by dose. Industrial hygiene measurements 

for departments and job sites with potential cadmium exposure were 

available (Smith et al. 1980). These were combined with individual 

work histories for each member of the cohort in order to assign an 

exposure level to each work day. Interruptions of employment were 

taken into account and exposure levels were adjusted to reflect 

respirator usage in departments where these were worn. A cumulative 

exposure in mg-years/m3 was then assigned to each person-year of 

follow-up for each worker. The range of cumulative exposures was 

divided into three categories. and both SMRs and SRRs were calculated 

for each category. The results are shown in Table VII-9 using US 

white males as the comparison population, and in Table VII-10 using 

Colorado white males as the comparison population. (Thun presented the 

analysis using Colorado white males as the control group at the Fifth 

International Cadmium Conference February 1986, in San Francisco. This 

analysis assumes that pre-1950 lung cancer rates equaled those in 1950, 

since cause-specific rates were not tabulated in that state before 

1950. ) 

The data indicate a clear dose-response relationship between cumulative 

cadmium exposure and the risk of death due to lung cancer. Using the 

US population as the comparison group, both the SMR and the SRR rise 

from about 1/2 the expected at "low" cumulative exposure to about 3 

times the expected at high cumulative exposure. Both of these measures 

of risk are larger when the Colorado population is used as a standard, 

with the SRR rising from 0.7 to over 5.0. 



The strength of evidence of causality provided by any single study 

depends on the degree to which one can rule out alternative explana- 

tions of the observed effect. Alternative explanations fall into 3  

categories. (1) chance, (2) bias, (3) confounding. The study by Thun 

et al. is examined below in this context. 

Chance 

Thun et al. calculated the standardized rate ratio (SRR) for each of 3  

exposure groups. (The person-years at risk, rather than individual 

workers, were classified by cumulative exposure to that point in time.) 

The SRR is suitable for subgroup comparisons, but not for external 

- 7 
comparisons. A regression of the SRRs yielded a slope of 7 . 3 3  x 10 , 

which differed from zero with a probability of .0001. In other words, 

the probability that the increase in lung cancer risk associated with 

increasing exposure to cadmium was due to chance was about one in ten 

thousand. 

Selection criteria described by Thun et al. appear to have been 

unbiased: all retired, deceased, and active employees who had worked a 

minimum of 6 months in production areas of the plant were included in 

the cohort. In calculating cumulative exposure, dates of interruption 

of employment were accounted for. Since more than 80% of the workers 

were followed for 20 or more years it is likely that the follow-up was 

sufficient for many latent cadmium-induced cancers to become manifest 



and lead to death. Trained nosologists evaluated the death 

certificates. As indicated by Thun et al.. one lung cancer death was 

originally miscoded as being due to another cause. Removal of this 

death from the lung cancer deaths (i.e. restoring it to the original, 

but incorrect coding) is necessary in order that the comparison with 

general population rates be unbiased (since miscodings also occur in 

the general populatioy.). However, the findings are not altered in any 

substantial way by this reclassification. 

Exposure categories were chosen prior to the analysis. The cumulative 

exposure for all person-years was miscalculated by Thun et al. because 

they included non-workdays. This does not cause bias for purposes of 

inference since the misclassification was equivalent for all exposure 

categories. It would, however, alter the dose-response relationship, 

and therefore DHS staff adjusted for this error in conducting our risk 

assessment, since an overestimate of exposure would result in an under- 

estimation of potency. The corrected exposures are shown in Tables 

VII-9 and VII-10. (See also Table IX-3.) 

Confounding 

If the cadmium-exposed workers included a disproportionate number of 

individuals with exposures to other agents responsible for lung cancer, 

then the observed association might be spurious. The potential con- 

founders with regard to lung cancer mortality in this cohort were 

smoking and arsenic exposure. 



(a) Smoking: 

Indirect evidence that smoking was not a confounder in this cohort is 

provided by the cardiovascular death rate in this cohort, which was 35% 

lower than expected based on U.S. white male death rates. If this 

cohort included a higher proportion of total smokers or heavy smokers 

as compared to the general population of white males in the same age 

categories, then one would expect an increase (or at least not a 

deficit) in the cardiovascular death rate as well. 

Data on the smoking habits of these workers were provided to Thun et 

al. by the company. The data came from company medical records and 

from a questionnaire survey mailed to surviving workers or the next-of- 

kin in 1982. The results of this survey have elicited differing 

interpretations depending on the choice of measure of smoking and on 0 
the choice of the comparison group. The 1985 paper by Thun et al. 

reported data on 70% of the workers. For these workers, the data 

indicated that as of 1982, 77.5% were current or former smokers com- 

pared to 72.9% current or former smokers among U.S. white males 20 

years or older reported in the 1965 Health Interview Survey (HIS) 

conducted by the National Center for Health Statistics. It is clear 

that these 2 figures are not comparable since data from 1982 for the 

exposed group were compared with data from 1965 for the control group. 

In the updated report by Thun et al. (1986), presented at the Fifth 

International Cadmium Conference in San Francisco, February 6, 1986, 

the authors provide a more meaningful comparison by limiting the 



Table VII-9* 

LUNG CANCER (ICD 162-163) MORTALITY BY CUMDLATIVE EXPOSURE 
WHITE NALX CADMIUM WORKERS HIRED ON OR AFTER 1/1/26 

COMPARED TO U.S. DEATH RATES 

EXPOSURE 
(cumulative mg/mS) 
RANGE - MEDIAN 

PERSON 
YEARS 
liL.Fas DEATHS - SMK - SRR 

U . S . WHITE MALES 100 1.00 

* Adapted from Thun et al. 1986, Table 7. 
t Numbers in parentheses exclude one lung cancer death which was originally 
smiscoded as being due to another cause. 



Table VII-lo* 

LUNG CANCER (ICD 162-163) MORTALITY BY CUMULATIVE EXPOSURE 
WHITE MALE CADMIUM WORKERS HIRED ON OR AFTER 1/1/26 

COMPARED TO COLORADO DEATH RATES, 1950-79 

Cumulative 
Exposure 
(mp-davs/m31 

PERSON 
YEARS 
AT RISK DEATHS - SRR 

COLORADO WHITE MALES 100 1.00 

* Adapted from Thun et al. 1986, Table 8. 
t Numbers in parentheses exclude one lung cancer death which was originally 

miscoded as being due to another cause. 



Table VII-11 

Average age 

% ever smoked 

% smoked a pack or more a 
day (includes current and 
former smokers) 

Average length of smoking 

% with > 20 cumulative 
pack years 

SMOKING HABITS OF 
CADMIUM-EXPOSED COHORT 

1982 Survey 1970 HIS Samvle1 
Cadmium-Exposed Total Operators & Craftsmen & 

Cohort Kinded Foremen 

* This represented 25 or more cigarettes per day rather than 20 or more. 

1 Health Interview Survey, conducted by National Center for Health Statistics, 
.reported in Sterling and Weinkam 1976. 

2 Varner 1983. based on 35% of workers. 

3 Thun et al. 1986, based on 49% of workers. 



smoking analysis to the 49% of the cohort for whom lifetime smoking 

histories were available. These data indicated that as of 1965 a 

larger percentage of the cadmium-exposed cohort were nonsmokers and a 

smaller percentage were heavy smokers compared to general population 

rates available from the HIS. The year 1965 was chosen since this was 

the midpoint of the study. 

A different view of these data was presented by Varner (1984) who 

examined cumulative pack-years smoked by members of the cohort. He 

sugested that this cohort had far more heavy smokers than blue collar 

workers reported in the 1970 HIS, and that "smoking prevalence tends to 

be highest among blue collar workers." However, in the HIS survey the 

average age of the white males was 39 (operatives and kindred), 42 

(craftsmen and foremen) and 44 (total sample). In the cadmium-exposed 

cohort the average age was no less than 53, and was estimated as 61.5. 

It is therefore surprising how similar some of the smoking characteris- 

tics of these populations are (see Table VII-11). 

The percent who "ever smoked' was 77.5% in the cadmium-exposed cohort, 

and 76% in the total HIS sample. The data on the cadmium workers 

represented information from only 36% of the cohort. Given that the 

cohort under study was considerably older than the HIS sample, that the 

HIS survey was done about 10 years earlier than the survey of the 

cadmium cohort, and that different information was reported from these 

two surveys, the differences between the smoking habits of the total 



HIS sample and those of the cadmium-exposed workers do not appear to be 

very large. 

The magnitude of confounding from differential smoking habits can be 

assessed. A method to estimate the contribution of smoking to lung 

cancer mortality in the cohort is described by Axelson (1978). The 

method is applied to the lifetime smoking histories summarized by Thun 

et al. The calculations (summarized in Table VII-12) are based on 

information regarding smoking habits in the exposed group, smoking 

habits in the comparison group, and the relative risk for lung cancer 

at each level of smoking. In view of the data indicating a deficit of 

smokers in this cohort compared to the general population, the baseline 

SMR for lung cancer would have been reduced 30%. 

It is unknown, however, whether the smoking histories of the 49% sample 

were representative of the cohort as a whole, and whether the histories 

themselves were biased, since they were collected retrospectively. 

While smoking may have confounded the relationship between cadmium and 

lung cancer, it is unlikely that smoking was responsible for all of the 

excess. Furthermore, if the smoking habits in this cohort were cor- 

rectly reported, i.e., if the observed deficit of smokers was real, 

then the excess, of lung cancer deaths is larger than originally 



Table VII-12* 

TECHNIQUE USED TO ADJUST FOR CIGARETTE SMOKING 

percent of Po~ulation. 1965 

1 2 
Moderate Heavy Rate Ratio of Overall Rate Ratio 

Nonsmokers Smokers Smokers Population Relative Relative 
s 

(lx) (lox) (20~) To Nonsmokers To U.S. 

POPULATION 

4 
Exposed 48.4% 40.8% 10.8% 6.724 0.70 
U.S. 27.1% 53 .O% 20% 9.571 1.00 

* Thun et al., 1986 
1 

1-24 Cigarettes/day 
2 

25+ Cigarettes/day 

S 
'The numbers in parentheses refer to the relative risk for lung cancer 
associated with each level of smoking. 

4 
Usable information available on 250 persons hired after 1926. 



calculated. In other words, confounding due to smoking did not create 

the appearance of a nonexistent carcinogenic effect from cadmium; 

rather, the confounding reduced the apparent magnitude of cadmium's 

carcinogenicity. 

(b) Arsenic 

The plant employing the workers in this cohort refined cadmium metals 

and compounds from 1926 onwards. Between 1918 and 1925 it had func- 

tioned as an arsenic smelter. Therefore, the analysis by Thun et al. 

excluded workers employed prior to January 1, 1926. (For those 

employed prior to 1926 the lung cancer SMR was 714). Nevertheless it 

is possible that residues of arsenic contributed to the lung cancer 

excess for those first employed in 1926 or later. 

To estimate the possible contribution of arsenic to lung cancer in this 

cohort, Thun et al.: 

(1) identified the departments and job categories which were likely to 

have involved continued exposure to arsenic; 

(2) calculated the proportion of person-years spent in areas with 

probable arsenic exposure based on personnel records (20%); 

(3) evaluated industrial hygiene measurements to estimate air con- 

centrations (range - 300 to 700 pg/m3, Thun used midpoint - 500 pg/m3); 



( 4 )  estimated the total years of employment for workers in the cohort 

(1728 years); 

(5) based on (2),(3), and (4), estimated that total arsenic exposure 

amounted to 345.6 person-years of exposure to air levels of 500 pg/m3; 

(6) assumed a 75% respirator protection factor (i.e. inhaled exposures 

3 
were 25% of air concentrations or 125 pg/m ) .  This yielded a total 

exposure of 43,200 pg-years/m3. 

Using a risk assessment model developed by OSHA for arsenic car- 

cinogenicity, Thun calculated that 43,200 pg/m3 years of exposure to 

arsenic would contribute no more than .768 lung cancer deaths 

This may represent an overestimate of the contribution of the arsenic 

exposure to the lung cancer excess. The reasons submitted by Thun are 

as follows: 

1) Only a fraction of jobs in the 'arsenic areas" 
had exposures as high as the furnace area (500 
1g/m3 ) 

2) The high exposure jobs were frequently staffed 
with brief employment-entry (sic) level workers 
who are not in the study cohort 

3) Urinary arsenic levels on workers in the "high 
arsenic" areas from 1960-80 averaged only 46 pg/l 
(equaling an inhaled arsenic of 14 pg/m3) 

4) Thus, assuming an average inhaled arsenic con- 
centration of 125 pg/ms for these years 
overestimates the dose by 9 fold 

5) ASARCO has previously argued that the OSHA risk 
assessment overestimates "by a factor of three or 
more" the expected increase in mortality from 
respiratory cancer. 

(Thun, personal communication) 



On the other side of this argument, the estimates of dose may not be 

reliable. The presumed relationship between urinary arsenic and in- 

haled arsenic may be incorrect, and is currently being reanalyzed 

(personal communication, Dr. Philip Enterline). Urinary measurements 

before 1960 were not available! and the earlier exposures would be 

expected to be greater. Furthermore, the figure of 125 pg/mS could be 

an underestimate since the respirator protection factor is based on a 

1976 survey which compared air samples and personal samples. It is 

well known that earlier respirators were less effective, and in many 

cases compliance in earlier years was lower. 

It is unclear, therefore, what the contribution of arsenic may have 

been to the overall excess of lung cancer deaths in the cadmium-exposed 

cohort studied by Thun et al. If the OSHA risk assessment model is 

correct, then under the assumption of protection from respirators, 

the maximum number of excess lung cancer deaths attributable to arsenic 

would be 3.07 for the whole cohort. The excess attributable to arsenic 

is compared to the observed excess lung cancer deaths in Table VII-13 

(unadjusted for smoking) and in Table VII-14 (adjusted for smoking). 

The adjustment for smoking is based on the analysis of smoking his- 

tories and assumes that smoking is independent of arsenic exposure 

within the plant, and that there is no interaction between these two 

exposures. The actual excess was 5.13 (unadjusted for smoking) or 8.39 

(adjusted for smoking) if the whole cohort is considered; the excess 

was 9.00 (unadjusted for smoking) or 11.10 (adjusted for smoking) if 

only those with 2 or more years of exposure are included. 



The last issue with respect to confounding concerns the combined ef- 

fects of arsenic and smoking on lung cancer, which are more than 

additive, though probably less than multiplicative. Therefore, if any 

of the workers who were exposed to arsenic were smokers, there could 

also be confounding from the interactive effect of these two exposures 

However, when relative risks are small (e.g., less than 1.3), there is 

very little difference between additive and multiplicative effects. 

Since it is unlikely that in this cohort the relative risk associated 

with either arsenic or smoking is larger than 1.3, the effect of any 

interaction is likely to be negligible. (If both relative risks are 

1.3, multiplying yields 1.69, adding yields 1.6, difference - .09.) 
In conclusion, given the low level of arsenic exposure and the evidence 

indicating a deficit of smokers in this cohort, DHS staff believes that 

the apparent association between cadmium exposure and lung cancer is ". 
not likely to be explained by confounding from smoking and/or arsenic 

exposure. 

Finally, to summarize the DHS staff's findings with regard to the study 

by Thun et al.: the SMR of 2.3 in those with more than 2 years of 

cadmium exposure and the dose-response relationship are unlikely to be 

explained by chance, by bias, or by confounding from smoking and/or 

arsenic exposure. The staff of DHS concludes that th; excess of lung 



Table VII-13 

Observed 

16 

THE POSSIBLE CONTRIBUTION OF ARSENIC TO 
THE EXCESS IN LUNG CANCER DEATHS 

1 
Expected 

10.87 

Excess 

5.13 

Number 
Attributable 

To Arsenic 

1 
Based on age- and calendar-year-specific lung cancer death rates for 
white males in the U.S. The first line refers to the whole cohort. The 
second line refers to workers with a minimum of two years employment 
(Thun et al. 1985). 

" 
1 

Not calculated but is certainly less than for the whole cohort. 



Table VII-14 

Observed 

16 

THE POSSIBLE CONTRIBUTION OF ARSENIC TO 
THE EXCESS IN LUNG CANCER DEATHS 
AFTER ADJUSTMENT FOR SMOKING1 

2 
Expected 

7.61 

Excess 

8.39 

Number 
Attributable 

1 
Assumes underlying SMR of .70 as shown in table VII-11, and no 
interaction. 

To Arsenic 

2 
Based on age- and calendar-year-specific lung cancer death rates for 
white males in the U.S. The first line refers to the whole cohort. The 
second line refers to workers with a minimum of two years employment 
(Thun et al. 1985). 

3 
Not calculated but is certainly less than for the whole cohort. 



cancer deaths in the study by Thun et al, is best explained by exposure 

to high levels of cadmium. The DHS staff further concludes that while 

other confirmatory studies are desirable this study constitutes strong 

evidence of human carcinogenicity. 

The biochemical mechanism(s) behind cadmium-induced mutagenic and 

carcinogenic effects is (are) not known. A number of possible 

mechanisms were discussed by Sunderman (1984). There is evidence that 

cadmium may act as an indirect mutagen or carcinogen but there are also 

substantial data indicating cadmium can directly interact with DNA and 

can therefore be a direct acting mutagen or carcinogen. 

Cadmium can inhibit the activity of several individual enzyme ac- 

tivities and enzyme systems in and Jn vitro. These include 

lhitochondrial oxidative phosphorylation (Kamata et al. 1976), fidelity 

of DNA synthesis (Sirover and Loeb 1976), RNA synthesis (Stoll et al. 

1974), protein synthesis (Norton and Kench 1977), and hepatic mixed 

function oxidase enzyme activities (Teare et al. 1977; Furst and 

Mogannam 1975). The effect on some enzyme activities may be the result 

of displacement by cadmium of the metal ion, such as zinc, in a met- 

alloenzymes. If cadmium inhibits or alters enzyme activities involved 

in DNA replication or repair, somatic mutations may result. Cadmium 



may also act as a cocarcinogen by altering the metabolism of a procar- 

cinogen (Jennette 1981). 

Cadmium has also been found to directly bind to isolated DNA at 

specific high affinity sites (Waalkes and Poirier 1984) and to cause 

mispairing in complexes formed between synthetic polynucleotides 

(Murray and Flessel 1976). Other metals, such as zinc, magnesium, and 

calcium, can antagonize the binding of cadmium to isolated DNA, but 

cadmium was found to have the highest affinity for the binding sites 

(Waalkes and Poirer 1984). In an in vivo study (Hidalgo and Bryan 

1977), labeled cadmium was found to localize in the nucleus of liver 

cells. It was found to be concentrated more in nonhistone than histone 

proteins. 

The direct interaction of cadmium with DNA and the number of positive 

mutagenic and clastogenic studies suggest that cadmium may have a 

direct effect on DNA. The interaction between cadmium and other metals 

found by Waalkes and Poirer (1984) may explain the inhibitory effect of 

these metals on cadmium-induced carcinogenicity. 

4. Conclusion 

The staff of the Department of Health Services (DHS) agrees with the 

International Agency for Research on Cancer (IARC) and the 

Environmental Protection Agency (EPA) that there is sufficient evidence 

to conclude that cadmium is an animal carcinogen. The DHS staff's 



conclusion is based in part on the findings of distant site tumors, 

interstitial cell tumors of the testis, following subcutaneous ad- 

ministration of cadmium salts to two species, rats and mice (Gunn et 

a1. 1983, 1964; Levy et al. 1973). EPA (1985) presents a good review 

of literature supporting the use of distant site tumors as evidence for 

the carcinogenic potential of a compound following subcutaneous 

injection. Although injection site tumors have also occurred, these 

are not considered sufficient evidence of a compound's carcinogenic 

potential. IARC (1982) also used the evidence of distant site tumors 

as the basis for their conclusion. Additional supporting evidence, not 

available at the time of the IARC decision, includes the studies of 

Poirier et al. (1983) and Takenaka et al. (1983). Poirier et al. 

(1983) found a significant increase in distant site tumors of the 

pancreas and the testis in rats given subcutaneous injections of cad- 

mium chloride. Takenaka et al. (1983) observed a significant increase 

in lung tumors in rats exposed to a cadmium chloride aerosol. Both of 

these findings were also used as a basis for the DHS staff's 

conclusion. 

The IARC last evaluated cadmium for carcinogenicity before the results 

of the study by Thun et al, were available. The EPA most recently 

evaluated cadmium in 1985 and concluded "there is limited epidemiologic 

evidence that inhaled cadmium is dose-related to lung cancer in exposed 

workers" (EPA 1985). The DHS staff considers all animal carcinogens to 

be potential human carcinogens. The DHS staff finds that the 

epidemiologic evidence supports an inference of a causal association 

between cadmium and respiratory cancer for the following reasons: (1) 



the negative studies (Inskip et al. 1982, Anderson et al. 1984) had low 

statistical power and/or poor exposure data. (2) positive findings were 

present in several studies utilizing different cohorts and different 

types of analyses (Thun et al. 1985, Sorahan and Waterhouse 1983, 

Armstrong and Kazantzis 1983), (3) some of these studies found that 

other smoking-related causes of death were not elevated (Sorahan and 

Waterhouse 1983, Thun et al. 1985). (4) the single study with detailed 

quantitative exposure data showed a highly significant dose-response 

(Thun et al. 1985), (5) there were no sources of bias which could 

explain this finding, and (6) the same study, in examining confounding, 

found a potential deficit of smokers among the exposed workers, and 

estimated only a small contribution from arsenic, indicating that the 

positive finding was unlikely to be explained by these confounders. 

The DHS staff concludes that while more confirmatory studies would be 

desirable before judging the sufficiency of the evidence, there is a 

high probability that cadmium is carcinogenic in humans. 



VIII. mreshold Discussion 

The noncarcinogenic effects of cadmium are believed to occur through 

mechanisms that have threshold exposure levels at and below which no effect 

will occur. The carcinogenic activity of cadmium may occur through a 

mechanism for which no threshold exposure level exists. Such a mechanism 

would probably involve direct interaction of cadmium with nuclear DNA. 

Biochemical studies have shown that there are high affinity binding sites 

for cadmium on isolated DNA and that cadmium can cause mispairing of syn- 

thetic polynucleotides (Walker and Poirier 1984; Murray and Flessel 1976). 

As described further in Section VII.J.l, there is suggestive but incon- 

clusive evidence that cadmium is genotoxic. 

There are mechanisms proposed by which compounds may induce a carcinogenic 

response without a direct effect on nuclear DNA. These mechanisms may have 

threshold exposure levels associated with them. Cadmium may also act by 

reducing the fidelity of DNA synthesis (Sirover and Loeb 1976). Cadmium may 

act as a cocarcinogen by altering the metabolism of a procarcinogen 

(~ennette 1981). Tissue injury, such as that observed in the testes, may 

also act as an indirect mechanism. However, these mechanisms are 

speculative: there is no compelling evidence that they are actually respon- 

sible for the observed carcinogenic response of cadmium. 

In light of the above considerations, particularly the absence of compelling 

evidence of a threshold mediated mechanism, DHS staff concludes that cad- 

mium's carcinogenicity should be treated as a nonthreshold phenomenon. 



- -  - 

IX. Risk Assessment 

Both carcinogenic and noncarcinogenic effects have been identified in 

the spectrum of cadmium-induced toxicity. Since there is a qualitative 

difference in how these processes occur, the hazards posed by these 

effects must be quantified in different ways. However, once the quan- 

titative risks are determined, a judgement about the greatest potential 

hazard posed by a compound can usually be made. Below, the noncar- 

cinogenic hazard posed by cadmium will first be quantified followed by 

a quantification of the carcinogenic hazard. 

A. poncarcinopenic Risk 

Cadmium has been found to induce a number of noncarcinogenic toxic 

effects in experimental animals and humans. These effects include 

hypertension, endocrine changes, hepatotoxicity, osteomalacia and 

osteoporosis, anemia, immunosuppression, emphysema and pulmonary func- 

tion changes, renal toxicity, fetotoxicity, and teratogenicity. 

Several of the effects have occurred in experimental animals at low 

exposure levels. Hypertension occurred in rats given drinking water 

containing as little as 0.1 ppm of cadmium over an 18-month period 

(Perry et al. 1977). This is an approximate intake of 5 pg/kg-day. 

Sporn et al. (1970) reported finding changes in liver enzyme activity 

in rats given drinking water containing 1 ppm (a dose of approximately 

50 pg/kg-day). Effects suggesting immunosuppression occurred in mice 

receiving drinking water containing 3 ppm (a daily dose of ap- 

proximately 500 pg/kg-day)(Koller et a1. 1975, Exon et al. 1974). 



Respiratory effects have been observed in experimental animals and 

humans at airborne concentrations of around 20 pg/mS but not at levels 

below 15 pg/ms; these are equivalent to daily doses of approximately 

6.0 and 4.5 pg/kg-day, respectively. Although these various effects 

have been reported to occur at relatively low levels of exposure, 

several authors and organizations have considered renal toxicity to be 

the most sensitive noncarcinogenic effect (Friberg et al. 1974, WHO 

1977, and EPA 1981). Because the strongest and most abundant 

epidemiological evidence exists for this site, the staff of DHS has 

used renal toxicity as the basis for quantitative noncarcinogenic 

hazard assessments performed on cadmium. 

As discussed in Section VII.II, Friberg et al. (1974) estimated that a 

retention rate of between 6.6 and 24.6 pg/day of cadmium would be 

necessary for the renal cortex concentration to reach 200 pg/g wet 

weight over a 50-year period (see Table VII-1). ~jellstrhm et al. 

(1984) estimated that about 10 percent of a human population would show 

signs of renal toxicity at that concentration in the renal cortex. To 

achieve such a rate of cadmium retention from inhalation alone, Friberg 

et al. (1974) estimated that the ambient airborne concentration needed 

to be from 0.65 to 2.5 pg/ms, assuming a 50 percent absorption of 

inhaled cadmium. The most likely concentration was estimated to be 1.5 

pg/mS, based on the assumption of a 19-year biological half-life for 

cadmium (see Section V.D). 

The renal cortex concentration of 200 pg/g wet weight tissue is not a 

0 threshold concentration but, at best, one that would produce an effect 



in only 10 percent of a population. No threshold level has actually 

been determined, although renal toxicity is believed to have a 

threshold renal cortex concentration at which no toxicity will occur. 

An ambient air concentration of 1 ng/m3 (0.001 pg/m3) of cadmium is 650 

to 2500 times less than the ambient air concentrations (0.65 to 2.5 

pg/m3), estimated by Friberg et al. (1974), that will lead to a renal 

cortex concentration of 200 pg/g wet weight following lifetime 

exposure. Although no threshold concentration for renal toxicity has 

been determined, staff members of DHS believe that the magnitude of the 

difference between exposure to lifetime ambient air cadmium concentra- 

tions at 1 ng/m3 and at those concentrations that will induce renal 

toxicity in 10 percent of the population is sufficiently large so that 

there is little, if any, risk of renal toxicity from exposure to 1 

ng/ms of cadmium. Exposure to an ambient air concentration of 10 ng/m3 

may pose a risk if the most conservative assumptions by Friberg et al. 'a 
(1974) are correct. If the most likely assumption by Friberg et al. is 

correct, then exposure to an ambient air concentration of 10 ng/m3 

probably does not pose a risk of renal toxicity. 

B. Carcinoeenic Risk 

Both experimental animal studies and epidemiological studies of worker 

population have indicated cadmium is carcinogenic. Quantitative as- 

sessments have been performed on both of these types of studies in 

order to obtain a range of risks. The quantitative risk assessment 

using the animal studies is discussed first, followed by a presentation 



of the quantitative risk assessment based on the human epidemiological 

study . 

1. Quantitative Cancer Risk Assessment Based on Animal Data 

The animal study chosen as the basis for a quantitative risk assessment 

was that reported by Takenaka et al. (1983, see Appendix A). This is 

the only adequate long-term inhalation study and, as such, is the most 

relevant study to assess the carcinogenic potential of cadmium as an 

air pollutant. Several ingestion studies have been performed, but none 

showed a positive response. Injection studies have been positive for 

injection site tumors and tumors at remote sites. However, parenteral 

exposure is not normally considered an appropriate route for quantita- 

tive risk assessment. 

Lung tumors were the only neoplasms found to be significantly increased 

in the study reported byTakenaka et al. (1983). The tumor incidences 

and exposure levels used for the low-dose extrapolation are given in 

Table IX-1. Assumptions used to determine these values are described 

below. 

The tumor incidence data used in this analysis combines the three types 

of malignant lung tumors identified in the animal study. The separate 

incidence rates for each tumor type are given in Table VII-4. These 

tumor types were combined because they were all found in the sametissue 

and were all carcinomas. Two animals had one tumor identified 



Table IX-1 

Exposure Levels and Tumor Incidences 
Used in Low Dose Extrapolation 

a Exposure Level 
in a/m9 

Incidence b 

(No. of animals with Tumors/ 
No, of animals examined) 

a Human equivalent exposure values as cadmium, see text for explanation of 
how these values were determined. 

These included all malignant lung tumors. Lung tumor types identified 
were adenocarcinoma, epidermoid carcinoma, and mucoepidermoid carcinoma. 

C Numbers in parentheses are average measured airborne cadmium concentra- 
tions during rat study. 

Source: Takenaka et al. 1983. "6 

as an adenocarcinoma and a second one identified as an 

epidermoidcarcinoma. These animals were only counted once in the 

incidence data. 

The exposure levels used in the low-dose extrapolation calculations 

were human equivalent lifetime levels based on the animal exposure 

levels. Two assumptions were used to make these conversions. The 

first assumption was that the partial lifetime exposure of 18 months 

that the rats received could be made equivalent to a full lifetime 

exposure of 24 months by multiplying the average measured exposure e 



level by the ratio of the length of exposure to length of expected 

lifetime: 

18 months/24 months - 0.75. 

Since the animals were exposed for 23.5 hours per day, no conversion 

factor was used to make exposure equivalent to a 24 hours per day 

exposure expected for the human population in this assessment. 

The second assumption was that the human equivalent ambient exposure 

concentrations could be calculated based on a body surface area scaling 

factor from the experimental exposure levels. However, a number of 

different scaling factors could have been used. Scaling factors take 

into account differences in body weight, surface area, metabolic rate, 

and/or lifetime. The staff of DHS has previously found that none of 

the commonly used scaling factors is empirically most appropriate for 

animal-to-human dose conversion in low-dose cancer risk extrapolation. 

Since several scaling factors appeared to give acceptable results, DHS 

staff members have decided to use surface area because it gives an 

intermediate measure of dose compared to other scaling factors and 

because surface area is related to metabolic rate, which may affect an 

organism's response to a carcinogen. 

To use the surface area scaling factor, experimental exposure levels, 

in pg/m3, are first converted to a daily dose, in pg/kg-day. 

Assumptions used for this conversion were that the rats inhaled 0.144 



m3/day and that 100 percent of the inhaled cadmium chloride aerosol is 

deposited in their lungs. (An absorption factor was not used because 

the tumors occurred at the site of contact and the importance of sys- 

temic absorption is not known for this effect.) Average group body 

weights provided by the authors, at 18 months into the study, were used 

for these conversions. These body weights were 0.425, 0.438, and 0.424 

kg for exposure group levels 13.4, 25.7, and 50.8 pg/m3, respectively. 

The calculation was performed as follows: 

where Ea is the experimental exposure level, which has already been 

transformed to a full lifetime exposure level; Va is the daily volume 

of air inhaled by a rat; Wa is the average group body weight; and Da is 

the daily dose level. 

Conversion of the animal daily dose level Da to a human daily dose 

level based on surface area was done by a method used by EPA (1980b). 

This was accomplished by the following formula: 

where Dh is the human equivalent daily dose and Wh is the assumed 

average human body weight, 60 kg. 



Finally the human equivalent daily dose was converted to a human equiv- 

alent ambient air concentration by assuming an average daily human 

inhalation volume of 18.05 m3/day. 

where Vh is the assumed human daily inhalation volume and Eh is the 

human equivalent exposure level. 

A sample calculation for the experimental animal group exposed to 13.4 

pg cadmium/ms is given below: 

3.4 pg/kg-day(0.425 kg/60 kg)'I3 - 0.65 pg/kg-day - Dh 
60 k 

0.65 ~g/kg-da~ X 18.05 m:/day - 2.2 pg/mS - ~h 

Results of Low-Dose Extrapolation 

Using the multi-stage extrapolation model (See Appendix B), the es- 

timated excess human cancer risk from exposure to cadmium was 



calculated based on lung tumor incidence in rats exposed to cadmium 

chloride aerosol, as reported by Takenaka et al. (1983). 

The computer program, GLOBAL79, for low-dose extrapolation based on the 

multistage model, calculates the extra risk function by maximizing the 

likelihood function of the input data. The maximum likelihood estimate 

(MLE) and the 95% upper confidence limit (UCL) of excess risk can then 

be determined for any exposure level. The 95% UCL for extra risk is 

always linear at low doses, which is conceptually consistent with the 

linear nonthreshold theory of carcinogenesis. The slope of the 95% 

UCL, q*, is taken as a plausible upper bound of carcinogenic potency. 

Because the animal exposure levels for cadmium were converted to human 

equivalent exposure, the 95% UCL, q*, is a measure of excess cancer 

risk for humans. If the lifetime daily exposure is expressed in 

(pg/mS), then q* can be considered as the excess risk associated with 

this exposure. Since q* for humans is a measure of excess lifetime 

cancer risk associated with exposure to one unit (in pg/ms) cadmium, it 

'is termed the unit risk. The 95% UCL of excess risk may be ap- 

proximated for any low level exposure to cadmium by the equation: 

R - unit risk X dose, 

where R is the 95% UCL of excess lifetime cancer risk. The unit risk 

for cadmium, based on the lung tumor incidence data, is 1.81x10-~ 



Although the staff of DHS believes that the multistage model is the 

appropriate method to estimate low dose risk, other models have been 

used to show the range of risk estimates that can be obtained (See 

Appendix B). For comparison, the maximum likelihood estimate and 95% 

UCL of excess human lifetime cancer risk based on liver tumor incidence 

in male rats are presented in Table IX-2 for each model at two possible 

environmental exposure levels. The environmental ambient levels ex- 

pected in California are believed to range around 0.001 to 0.003 pg/m3 

(1 to 3 ng/m3, see Part A). The 95% UCL dose-response curve for each 

model can be seen in Figure IX-1. Usually, the multi-stage model is 

the most conservative model (finding the highest risk) at low dose 

levels. The probit is generally the least consewative model, followed 

in order by the gamma multi-hit, logit, and Weibull models. In this 

case, the multistage model is the most conservative, as expected, 

followed by the Weibull, gamma multi-hit, logit, and probit models. 



Table IX-2 

Maximum Likelihood Estimates and 95% Upper 
Confidence Limits for Excess Lifetime Cancer Risk 

from Exposures at and pg/mS Based on 

Different Low Dose Extrapolation ~ o d e l s ~  

Ambient Air Concentration (up/mS) 

Model M L E ~  UCL MLE UCL C 

Multistage 1113/106 1807/106 111/106 181/106 

Probit < 1/10' < 1/10' < 1/10' < l/lOs 

Logit 13/10' 68/10' < 1/106 1/10' 

Weibull 285/106 114O/1Oe 16/10' 79/10' 

Gamma Multi-Hit 42/10'' 145/106 1/10' 4/10' 

a 
Based on lung tumor incidence in male rats exposed to cadmium chloride 
aerosol, as reported by Takenaka et al. (1983) 

b Maximum Likelihood Estimate, expressed as excess lifetime cancer cases per 
million population. 

C 95% upper confidence limits, expressed as excess lifetime cancer cases per 
million population. 
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2. Ouantitative Cancer Risk Assessment Based on Human Data 

Department of Health Services (DHS) staff conducted a quantitative cancer risk 

assessment for cadmium using the data from the occupational mortality study by 

Thun et al. (1985) and extrapolating to ambient levels in California. The 

strengths of this study are described elsewhere in this document (Section 

VII.J.2). The exposure data in this study were based on industrial hygiene 

measurements and individual work histories. These measurements consisted of 

historical area monitoring samples and, when appropriate, were adjusted to 

reflect, respirator protection in departments where respirators had been worn. 

For workers employed 6 months or longer in production areas of the plant the 

person-years of follow-up were divided into 3 categories according to cumula- 

tive exposure in mg-days/ms, (see Table IX-3). The risk of death from lung 

cancer for each exposure group was measured by the standardized mortality 

ratio (SMR). The data indicated a clear dose-response, with SMRs of 53, 152 e 
and 280 for the low, moderate and high exposure groups. Because the study 

related quantified exposure levels to quantified measures of lung cancer risk, 

the data were suitable for a risk assessment. 

DHS staff emphasizes that the risk estimates derived in conducting any risk 

assessment are not exact predictions, but rather represent best estimates 

based on current scientific knowledge and methods. It is important to recog- 

nize that uncertainties arise both in the data and in the extrapolation 

process, and that these uncertainties necessitate the use of assumptions. In 

its presentation of this risk assessment, the DHS staff has explained the 

assumptions made at each step, and the direction in which each assumption 

affected the risk estimates. 



The choice of assumptions involves scientific judgment. Guided by our mandate 

to protect the public health, the DHS staff has chosen to use linear models 

for extrapolation purposes, because these models are likely to be health- 

conservative. With regard to assumptions about the data, the DHS staff has 

utilized the median exposure levels and maximum likelihood risk estimates. 

This approach leads to a plausible upper bound for risk estimates. 

The carcinogenic risk assessment for cadmium is discussed in three sections 

which cover the following: 

(1) the limitations of the data collected and reported by Thun et al.; 

(2) the model which was fitted to the data, its mathematical representation, 

and the assumptions; and 

(3) the application of the model to the general population to obtain a unit 

risk and upper confidence limit for this unit risk. 

a. Limitations of the data used for auantitative risk assessment 

Uncertainties stemming from the data on which the risk assessment was based 

fall into four main categories: (1) the accuracy of the exposure assessment 

for workers in the cohort, (2) the accuracy of the response or cancer mor- 

tality measurements, (3) the potential effects of confounding factors and (4) 

the application of the observed dose-response relationship to the California 

general population. A full discussion of potential confounding in this study 

is found in Section VII.J.2, pes~iratorv cancer - Thun study. The first three 

issues relate to internal validity in the measurement of a dose-response 

relationship among a group of cadmium-exposed workers; the fourth is an issue 

of external validity or generalizability beyond the study population. 



(i) 

Industrial hygiene area samples provided the basis for assessing exposure 

of individuals. For each job category, a quantitative exposure level was 

assigned. Each day of each worker's employment was classified into one 

of seven exposure-based job categories. While samples had been collected 

and measured beginning in the 19401s, the period of potential exposure 

for this cohort was 1926 - 1969 (inclusive). Two adjustments were made 

to these measurements: (1) conversion from area samples to personal 

exposure estimates was based on a 1973 - 1976 survey which compared area 
and personal samples; (2) adjustment of the personal exposure estimates 

to reflect respirator effectiveness was based on a 1976 survey of 

respirators. 

Uncertainty as to the validity of the exposure estimates stems from (i) 

the application of 1940's measurements to earlier periods, (ii) the 

application of department-based data to individual workers, (iii) the use 

of a ratio determined in the 1970's for converting area samples to per- 

sonal exposures for the entire exposure period, and (iv) the use of a 

respirator effectiveness factor determined in 1976 for the entire ex- 

posure period. The assumptions of (i) and (iv) are likely to result in 

underestimation of exposure, while the assumptions of (ii) or (iii) could 

be biased in either direction. The DHS staff knows of no way to quantify 

these uncertainties. 

(ii) Uncertainties in the risk estimates 

Loss to follow-up was low (2%); nevertheless, if any of the 12 whose 

vital status was not ascertained did die of lung cancer, the calculated 



SMRs would be lower than they should be, and therefore the risk estimates 

derived by DHS would also be too low. 

One of the lung cancer deaths in the middle exposure category was 

originally miscoded as a non-lung cancer death. For consistency with the 

comparison population (general population rates inevitably include some 

miscodings of the cause of death), this death should not be counted as 

being due to lung cancer. In this risk assessment, the estimates were 

calculated by excluding this death. A comparison showed that inclusion 

of this death as due to lung cancer did not substantially alter the risk 

estimates. 

The original analysis of Thun et al. (1985) used U.S. lung cancer death 

rates for comparison with this cohort (Table VII-9) because state rates 

were not available before 1950. An updated report (Thun et al. 1986) 

includes estimates of SMRs based on Colorado rates in which the 1950 

rates were assumed to hold for the earlier years (Tables VII-10). The 

DHS estimated excess risk using both the U.S. and Colorado lung cancer 

death rates. As shown below, these estimates are virtually identical. 

Uncertainty with regard to the measures of risk reported by Thun et al. 

are rather minor. With the exception of the unknown outcomes for those 

lost to follow-up, DHS staff has incorporated these uncertainties 

(stemming from the miscoding and the choice of control population) into 

its analysis. 



(iii) Nature of the cohort and occupational exposure 

The exposures of the workers in the study tended to be acute and occurred 

within a short time span, while those of the general population occur at 

low levels over a lifetime. It may be that a high, short-term exposure 

which overwhelms the body's defense mechanisms is necessary for cadmium 

to exert its carcinogenic effect. There is no clear evidence, however, 

that cadmium operates in this way. In an animal study, at an exposure 

level of 1.6 mg/ms, initial pulmonary damage appeared to be repaired even 

under continued exposure (Hart, 1986). Therefore, DHS has made the 

health-conservative assumption that cumulative exposure is the ap- 

propriate measure for evaluating the dose-response relationship between 

cadmium and lung cancer mortality. 

Since white male workers in Colorado constitute the members of the 

cohort, in order to estimate risks to the general California population e 
it has been assumed that dose-response relationships observed in Colorado 

white male workers are applicable to California residents of all ages, 

including: nonwhites, females, and nonworkers. DHS staff has used a 

inodel which quantifies the overall health difference between the workers 

in the study and those in the general population of the same race, sex 

and age. That is, an estimate was made not only of cadmium's car- 

cinogenic potency, but also of the "healthy worker effect". In effect, 

this rislc assessment assumes that the dose-response relationship estab- 

lished for white males in the general population of the same ages as the 

workers is applicable to white males of other age groups and to females 

and nonwhites of all ages. The DHS staff knows of no way to quantify the 

uncertainty stemming from this assumption. 



(iv) Confounding 

Uncertainty stemming from potential confounding by smoking or arsenic has 

been discussed in detail elsewhere in this document (See Section VII.J.2 

Human Studies, Resniratorv Cancer : Thun study). 

b. Modeline of the Data for Cancer Risk Assessment 

(i) Exnosure assumntions for the modeling 

As discussed above, the first assumption of the risk assessment is that 

the lifetime cumulative exposure to cadmium can be used as a summary 

measurement for determining carcinogenic potency. In other words, it is 

assumed that total lifetime dose determines cancer risk, regardless of 

whether it is inhaled in a workplace setting at the mg/m3 level, or 

whether it is inhaled over a whole lifetime from ambient air at the ng/m 3 

level. The DHS staff recognizes that this is a simplistic assumption and 

that dose-rate may influence the magnitude of carcinogenic effects. In 

the case of cadmium, the data are insufficient to quantify the dose-rate 

effect on carcinogenesis. The assumption to ignore dose-rate is a 

' health-protective assumption since the environmental exposures involve 

lower dose-rates than were prevalent among the workers. The median 

cumulative exposure in each of the three exposure groups designated by 

Thun et al. was used in the risk assessment (see Table IX-3). (These 

medians, though not in the published report, were provided by Dr. Thun, 

personal communication.) 



Table IX-3 

EXPOSURE LEVELS OF 
WORKERS IN STUDY BY 

THUN ET AL. 

Equivalent Lifetime 

Cumulative Exposure in me-davs/m3 Dose Rate* in ue/m 
3 

Range Median Median Median 
Reported by Adjusted for 
Thun et al. 240 Workdays/year 

Low - <584 280 184.1 

Middle 585-2920 1210 795.6 

High 22921 4200 2761.6 

* Assumes 24 hours/day exposure and an estimated average lifetime of 
61.5 years. 



A second assumption regarding exposure is that particle size distribution 

in the occupational setting of the Thun et al. study is similar to that 

of ambient California air. There is insufficient information to deter- 

mine the validity of this assumption, or to determine whether this 

assumption leads to an underestimate or overestimate of actual risk. 

(ii) Justification of model 

A linear model which incorporates a parameter for the "healthy worker 

effect' was fitted to the data and evaluated for goodness-of-fit. DHS 

staff considers linear models most appropriate for extrapolating human 

cancer risks at low doses from human data at high doses. This position 

is based on the view that risk estimates should represent plausible upper 

bounds. The concept of a "plausible upper bound" is distinct from a 

"worst-case scenario," as explained below. 

Current scientific opinion supports the view that the assumption of 

linearity is likely to be health-conservative, and should therefore lead 

to an upper bound estimate of low-dose risks. The actual risks may be 

lower than those estimated, but are unlikely to be higher, though this 

possibility cannot be completely ruled out. Therefore the "upper bound" 

aspect of the DHS staff risk estimate is mainly a reflection of the 

linearity assumption. 



On the other hand, the use of observed mortality data and reasonable 

exposure estimates renders these estimated risks plausible. If the es- 

timates of exposure had been based on assumptions that were extreme 

(e.g., only using the lowest measurements, thereby inflating the potency 

estimate) or if instead of the observed deaths, an upper confidence limit 

had been used, then the resulting risk estimates would have been derived 

from a "worst case scenario." Therefore the "plausible" aspect of the 

DHS risk estimate stems from the use of available and reasonable es- 

timates of exposure and observed mortality data. 

Finally, the use of the slope estimated by an iterative least squares 

(Gauss-Newton) method yields a best estimate for a plausible upper bound 

of risk. The 95% (two-tailed) upper confidence limit on the slope of the 

linear model yields an upper confidence limit for the risk estimate. It 

represents, under the assumption of linearity, an estimate of slope that 

is likely to be too low only 2.5% of the time. 

(iii) S~ecification of modeL 

' A Poisson regression model was fitted to the data. In this model the 

observed deaths are a function of two variables: the dose and the ex- 

pected deaths. The function has two parameters: one for the 

carcinogenic potency of cadmium, the other to account for the healthy 

worker effect. 

Let Obsi- observed deaths in exposure group i 



Exp - expected deaths in exposure group i based on the indirect 
i 

method of age adjustment 

di- median dose received by group i 

Then the model is expressed as: 

E [ Obsi] - (l+@di) a . Expi 
where E[-] represents the expectation of a random variable, 

a - healthy worker effect, and 
p - potency of cadmium per unit dose. 

This model predicts that in the absence of cadmium exposure (d =0), the 
i 

observed deaths will equal the expected deaths times some factor which 

distinguishes the workers from the general population, a factor which can 

be termed the "healthy worker effect." The appropriateness of this model 

is indicated by the mortality experience of the low exposure group, which 

had an SMR for lung cancer of 53. (The cohort also had a low SMR for car- 

diovascular deaths.) This model therefore separates the carcinogenic 

effect of cadmium from the opposing, healthy worker effect. Using the 

nonlinear regression procedure (NLIN)  of the statistical package produced 

by the SAS Institute, the parameters were estimated at: 

& - .500 (unitless parameter) and 
3 -1 ) - ,0017 (cumulative mg-days/rn ) . 

The 95% (two tailed) upper confidence limit for ,9 was .0079, and the x 2 

goodness-of-fit statistic was .15 (1 df, p-.70). Lung cancer deaths 

predicted by the model are compared with the observed lung cancer deaths 

for the three exposure groups in Table IX-4. 



Table IX-4 

LUNG CANCER DEATHS 
AMONG CADMIUM-EXPOSED WORKERS: 

OBSERVED AND PREDICTED 

OBSERVED * 
PREDICTED: LINEAR RELATIVE RISK MODEL WITH 

HEALTHY WORKER EFFECT 
U.S. Controls 

Colorado Controls 

CUMULATIVE EXPOSURE GROUPS 
Low Middle High 

NO HEALTHY WORKER EFFECT 

U.S. Controls 4.16 6.69 6 . 4 ~ ~  

OBSERVED~~. 2 

PREDICTED: LINEAR RELATIVE RISK MODEL WITH 

HEALTHY WORKER EFFECT 
U.S. Controls 

* Data of Thun et al. 1985 

a The prediction of fewer deaths in the high exposure group than in the middle 
exposure group reflects a larger number of person-years in the middle 
exposure group. 

b The lower part of this table represents the Thun et al. data in which an 
originally miscoded death has been corrected to be due to lung cancer. 



As discussed above (Section IX.B.2.a.ii Uncertainties in the risk 

estimatesl, the uncertainties in the data (due to miscoding of one lung 

cancer death and the use of U.S. rather than Colorado population rates) 

were evaluated by fitting two alternate versions of these data. In 

addition, the model was altered by removing the healthy worker parameter, 

for the purpose of comparison. (See Table IX-4.): 

(1) Using expected deaths based on Colorado rates rather than U.S. 

rates, the predicted deaths were almost identical, though the estimate 

of a was different (2 - .727, not shown in table). The model therefore 

behaves as it should, i.e.: (1) the estimate of the dose effect should 

not depend on the comparison population; (2) the difference between 

these workers and the population of Colorado should be less than the 

difference between the workers and the U.S. population (that is, 2 was 

closer to 1 using the Colorado population). 

(2) Inclusion of the miscoded lung cancer death from the middle dose 

group (i.e. fitting the model to observed deaths of 2,7 and 7 rather 

than 2,6 and 7 for the three dose groups) yielded very similar results. 

(3) For comparison, the linear model without a healthy worker 

parameter was fitted to the data. As seen in Table IX-4, the fit was 

not as good, particularly for the low dose category. 

c. Application of the model to the California po~ulatioq 

With these estimates of the parameters, the model was then applied to the 

California population to predict the excess number of lung cancer deaths 



induced by cadmium exposure. The mathematical details are shown in 

appendix D. 

First, a current life table was produced for California males and females 

separately, using five-year age intervals (see Table D-la and D-lb). The life 

table allows one to adjust for competing causes of mortality in evaluating the 

risks due to a particular cause. The background hazard of lung cancer death 

for each five-year age interval was calculated using 1980 census data for 

California (Bureau of the Census, 1982) and age-specific death rates for 

California from 1979-80 vital statistics data (California Department of Health 

Services, 1982) by standard statistical techniques (Chiang 1984). These were 

then summed over a lifetime: the last entry of the last column in Table D-la 

and D-lb represents, for males and females respectively, the cumulative prob- 

ability of dying of lung cancer to the end of that age interval, i.e. age 79. 

Next, using the estimated value for /3 and setting a - 1 for the general 
population (i.e. no healthy worker effect), the hazard of lung cancer death 

given a continuous lifetime exposure to 1 ng/ms cadmium was calculated from 

the model. Using these hazard rates, a new life table was constructed (Tables 

D-2a for males and D-2b for females). Subtracting the background probability 

of a lung cancer death from that obtained for an exposed population results in 

a unit risk of 1.6 excess lung cancer deaths per million persons in California 

due to a continuous lifetime exposure of 1 ng/ms cadmium in air. Table IX-5 

summarizes these risk estimates. 



TABLE IX-5 

BACKGROUND 

EXPOSED~ no lag 

L S E ~  

ucLc 

EXPOSED~ 10 year lag 

LIFETIME PROBABILITY OF 
LUNG CANCER DEATH 

!!@E FEMALES 

.0554577 .0248524 

EXCESS DUE TO EXPOSURE 

LSE 2.2 X 

UCL 15.4 X 

a Exposed continuously to 1 ng/ms Cd in ambient air. 

b~~~ - least squares estimate. 
C UCL - 958 upper confidence limit. 
d~ssumes 50% of population for each sex. 



Using the upper confidence limit for p instead of the least squares estimate 

yields an upper limit of 11.6 x for the unit risk of excess lung cancer 

deaths per 1 ng/ms cadmium in air (based on Tables D-3a and D-3b). An alter- 

native analysis which assumes that the effect of an exposure on subsequent 

lung cancer deaths requires a 10-year latency period did not alter the es- 

timates of excess risk (see Tables D-4a and D-4b). 

The estimated unit risk for excess lung cancer deaths due to 1 ng/m3 lifetime 

-6 
exposure of cadmium is 2 x 10 . The upper 95% confidence limit of this 

estimate is 12 x 

The DHS staff recommends that the upper 95% confidence limit estimate be used 

for regulatory purposes, rather than the best estimate, for two reasons: (1) 

the epidemiologic evidence is suggestive of cadmium carcinogenicity for 

several urogenital sites, and (2) the application of a dose-response relation- 

ship observed in adult working males to the general population assumes equal 

poeency across all ages and both sexes. 

This risk assessment uses only one site, respiratory tract cancers. As stated 

in Section VII.J.2, there is evidence suggesting an association between cad- 

mium exposure and renal, bladder, and prostate cancer. Since quantitative 

exposure data were not available for those studies that showed increased risk 

for these cancers, it was not possible to conduct an analysis similar to that 

conducted for respiratory cancer. Deaths from these three cancers are much 



rarer than respiratory cancer deaths, and the excess number of deaths from all 

three combined is likely to be far less than the number of excess respiratory 

cancer deaths for a given level of cadmium exposure. Nevertheless, some 

margin above the least squares estimate of unit risk would be desirable, in 

order to include the added risk for deaths from cancer at other sites. 

The assumption of equal potency for cadmium carcinogenicity across all ages 

and both sexes could result in underestimates of risk for several reasons. 

Rapidly proliferating tissues may be more susceptible to carcinogenic agents 

than cells which are proliferating at a slower rate since the opportunities 

for errors in DNA replication are greater at these times. Lung growth occurs 

through childhood and puberty. Secondly, where air concentrations of cadmium 

are related to dust from contaminated soil, children are not only closer to 

the ground, but far more likely to play in dirt and thus to have substantially 

higher exposures than adults. Thirdly, a recent paper by Phalen et al. (1985) 

showed that tracheobronchial particle deposition is generally more efficient 

in smaller (younger) individuals than in larger (older) people. For instance, 

the dose on a per kg mass basis for 5 pm diameter particles could be 6 times 

higher in a resting newborn than in a resting adult. Therefore, at ages when 

individuals are potentially more susceptible to carcinogenic damage, they may 

be consistly receiving higher exposures and distributing cadmium to the target 

site more efficiently. 

For these reasons the DHS staff recommends adoption of the upper confidence 

limit on the unit risk, i.e. 12 excess lifetime cancer deaths per million 

persons. 



3. Comparison of Animal- and Human-Rased Risk Estimates 

A comparison of the two risk assessments, one based on animal data, the other 

based on human data, is shown in Table IX-6 and in Figure IX-2. Comparing the 

low-dose risk estimates from both sets of data, it can be seen that the multi- 

stage model applied to lung tumors in male rats predicts about 60-fold greater 

excess lung cancer deaths at ambient exposure levels than a linear extrapola- 

tion from respiratory cancer deaths among the occupational cohort. The 

maximum likelihood animal-based estimate is about one order of magnitude 

larger than the upper confidence limit for the human-based estimate. 

Considering the degree of uncertainty associated with extrapolation over 3-4 

orders of magnitude, the differences between the two risk assessments are 

relatively small. Nevertheless, the ranges of risk provided by these two 

sources of data do not overlap. Staff members of DHS believe that the human- 

based risk assessment should be adopted. In reaching this decision, we have 

considered the following possible explanations for the difference between the 

two risk assessments: 

(1) If the doses received by the workers were overestimated, then the 

potency would be underestimated by the human-based risk assessment, since 

the observed number of cancer deaths is fixed. 

Members of DHS staff, in consultation with industrial hygiene staff of 

Cal/OSHA, have examined the methods used to estimate exposure levels 



TABLE IX-6 

ANIMAL AND HUMAN BASED PREDICTIONS 

OF EXCESS LIFETIME CANCER RISKS PER MILLION PERSONS 

EXPOSED TO AMBIENT AIRBORNE CONCENTRATIONS OF CADMIUM 

bbient Air Concentration 

1 ng/m3 -2.5 ng/m 3 40 ng/m 3 

Overall mean UCL of over- hot spot mean 
in California all California 

mean 

ANIMAL DATA 

95% Upper Confidence Limit 180/lo6 450/106 7200/106 

Point Estimate 110/106 275/106 4400/106 

HUMAN DATA 

95% Upper Confidence Limit 12/106 30/106 480/106 

Point Estimate 2/106 5/106 80/lo6 





reported by Thun et al. (1985), Smith et al. (1980a,b). We have con- 

cluded that the exposure levels were not likely to have been 

overestimated. In fact, a number of assumptions may have resulted in 

underestimates of past exposures. Underestimation of potency due to 

inaccuracies in the worker exposure data is therefore, unlikely. 

(2) If the risk of respiratory cancer in cadmium-exposed workers were 

underestimated, then the human-based risk assessment may be too low. 

This could have occurred for three reasons. 

The first is that the U.S. general population may not have been the most 

appropriate comparison population for this worker cohort. A better 

choice may have been the population in the state of Colorado, or perhaps 

that of the county where the factory was located, both of which have 

lower respiratory cancer mortality rates (10 to 25%) than the U.S. 

population (Thun et a1. 1985, NIH 1975). As shown in Table IX-3. 

however, the use of Colorado controls did not affect the potency es- 

timates because the model that was adopted was robust to the choice of 

' comparison population. 

The second reason that respiratory cancer risk for exposed workers could 

have been underestimated is that the follow-up period may have been too 

short to allow for the latency period. The animal studies indicated a 

long latency for cadmium-induced lung tumors: 23 out of 25 tumors ap- 

peared in high-dosed animals, which died after 27 months. (Had the study 

been terminated at 24 months, the typical length of a bioassay, these 



tumors might not have been observed.) The epidemiology also indicated 

long latencies: 20+ years (Lemen et al. 1976) and 30+ years (Sorahan and 

Waterhouse 1983). Since 83% of the workers had been followed for at 

least 20 years and 66% had been followed for at least 30 years, the 

latency period for a large proportion of the lung cancers had probably 

passed. 

The third reason that respiratory cancer risk for exposed workers could 

have been underestimated is if incidence and mortality differed greatly, 

either due to long survival with the disease, or to cure. Since lung 

cancer is usually fatal, having a five-year survival rate of about 10% 

for U.S. whites (Silverberg and Lubera 1983), it seems unlikely that the 

risk of respiratory cancer has been significantly underestimated because 

of nonfatal cases of respiratory cancer. 

Because the risk estimates from the human data do not appear to be too 

low, the staff of DHS concludes that a significant underestimate of human 

carcinogenic response from cadmium exposure is not likely. 

Based on examining points (1) and (2), and the fact that a linear model 

is likely to be health-conservative, DHS staff concludes that the es- 

timates of human carcinogenic potencies for cadmium shown in Table IX-2 

are not too low, and that the higher potency estimate derived from animal 

data must be explained by other arguments. 



(3) If rodents and humans differ in their sensitivities to the car- 

cinogenic effects of cadmium, then part of the discrepancy may be due to 

interspecies differences. These interspecies differences are likely to 

stem from different rates and pathways of distribution, metabolism and 

excretion (Williams 1978). 

However, there is no ,evidence to suggest large differences in these 

processes between humans and other species (See Section V). 

(4) If the conversion factor in calculating human equivalent doses from 

the animal bioassay were inappropriate, then the animal-based estimates 

of potency would be too high. 

As discussed earlier in this section (IX.B.l), the interspecies conver- 

sion is based on surface area equivalence. Use of this conversion method 

has been justified by the argument that: (a) the metabolic rate deter- 

mines the carcinogenic activity of the compound or its reactive 

metabolite; and (b) body surface area is related to metabolic rate. 

In the case of cadmium, it could be argued that metabolic rate is not 

relevant since the main site of action (and the site used for these risk 

assessments) is the point of contact. Based on direct airborne con- 

centrations (in pg/mS) (averaged over lifetime), the staff of DHS 

recalculated the slopes of the animal-based extrapolation using the 

multistage model. The effect was to reduce the slope by more than one 



order of magnitude, resulting in low-dose risks almost identical to those 

predicted by the upper confidence limit of the human-based risk estimate. 

It is possible, therefore, that the discrepancy between the animal- and 

human-based risk assessments may be explained by an inappropriate choice 

of interspecies conversion factor. This issue, however, cannot be 

resolved given the current state of knowledge. 

( 5 )  If the greater carcinogenic response in animals were due to ad- 

ministration of cadmium chloride rather than the compound to which the 

cohort of workers was primarily exposed, cadmium oxide (Thun et al. 

1985), then a direct extrapolation from the animal bioassay data would 

not be appropriate for ambient human exposures to cadmium oxide. A 

greater potency for the soluble cadmium chloride could explain the 

discrepancy. The pharmacologic evidence does not support this thesis, 

however, since animal studies indicate cadmium chloride and cadmium oxide 

are handled in a similar fashion by the respiratory tract (Oberdorster 

1979, 1980). 

( 6 )  If the dose rate affected potency, then a lower dose rate ad- 

ministered over a lifetime might carry a different risk than a higher 

rate administered for short periods. In this case, the animals received 

the continuous lifetime dising, while the workers received higher, short- 

term exposures. Since it does not seem likely that a lower potency would 

result from higher short-term exposures, dose rate probably does not 

explain the different risk estimates. 



Members of DHS staff have concluded that the discrepancy between the animal- 

0 and human-based cadmium risk estimates is not due to deficiencies in the human 

data for exposure or response. Thus, reliance on the human-based risk assess- 

ment is sufficiently health-conservative because of the assumption of 

linearity between dose and excess relative risk. Because there may be sub- 

groups of the population whose sensitivity to the carcinogenic effects of 

cadmium is greater than adult white males, and because there may be a small 

added risk for cancers at other sites due to cadmium exposure, the use of the 

upper 95% (two-tailed) confidence limit for risk is recommended. This risk is 

estimated at 12 excess lifetime cancer deaths per million persons continuously 

exposed to 1 ng/m3 cadmium throughout their lifetimes. 

C. Estimated Risks at Ambient Airborne Concentrations of Cadmium 

e The noncarcinogenic and carcinogenic risk assessments performed in the pre- 

vious sections (1X.A and 1X.B) apply to general situations. In order to 

estimate the hazard posed by airborne cadmium to residents of California, it 

is necessary to determine what the ambient concentration is. The staff of the 

Air R'esources Board has estimated that the range of average ambient concentra- 

tions is from 1 to 2.5 ng/m3. 

As discussed in Section IX.A, lifetime exposure to an ambient airborne con- 

centration of 1 ng/m3 does not pose a significant hazard for renal toxicity. 

The ambient airborne concentration of 2.5 ng/m3 is also two to three orders of 

magnitude less than the estimated ambient airborne concentration of cadmium 

(650 to 2500 ng/ma) necessary to induce renal toxicity in 10 percent of the 



population. Therefore, this ambient concentration is not expected to pose a 

significant health hazard. Since renal. toxicity is believed to be the most 

sensitive noncarcinogenic effect caused by cadmium, no other noncarcinogenic 
e 

effects are expected to occur at the present ambient levels. 

The carcinogenic risk from cadmium exposure has been estimated based on the 

assumption that the mechanism of action is a nonthreshold process. Therefore, 

there is always an excess cancer risk from exposure to any level of cadmium. 

As discussed in Section IX.B, staff members of DHS have concluded that the 

- 6 best estimated range of risk for excess lifetime cancer is from 2 X 10 to 

1.2 X 10.~ (ng/m3)-I. The theoretical excess lifetime cancer risk from con- 

tinuous 24-hour per day exposure at the average concentrations of 2.5 ng/m3 in 

California ambient air is 1 to 30 per million persons exposed (See Table IX- 

The ARB has also identified hotspots in California where ambient exposures are 

40 ng/m3, 24-hour average. The range of estimated excess lifetime cancer risk 

due to the average hot spot exposures is 80 to 480 per million persons 

exposed. The ARB staff estimates that approximately 57,000 people in 

California reside in these hot spots. 
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Ib ST~ACT-Lung cancers were lnduccd in inbred W rats by cadmlum "".. . ~ 

chloride aerosols. For I 8  months. 120 male W rats were conlinuousiy 
exposed to cadmium chloride aerosols wilh cadmium (Cd) concenlra- 
,ions of 12.5. 25, and 50 fig/ma. respectively. For the same period 01 
time. 41 rats were kept in lillered air: these rals served as the control 

The survivors were killed I 3  months alter the end 01 the 
 hal la ti on experiments. Histopathologic examination revealed a dose- 
dependent incidence of primary lung carcinomas ol the loliowing types: 
adenocarcinomas, epidermoid (squamous cell1 carcinomas, combined 
epidermoid carcinomas aqd adenocarclnomas, end mucoepidermoid 
carcinomas. The Incidence of lung carcinomas was 71.4% in the group 
.,=posed to 50 pg Cdlm'. 52.6% in the group exposed lo 25 pg Cd/ 
,$, and 15.4% in the group exposed to 12.5 pg Cd/ma. None of the 
controls developed lung carcinomas. At the end 01 the experiment. the 
remaining Cd concentrations in the lungs were relatively high, almosl 
81 the same level as those in the livers.-JNCI 1983: 70:367-373. 

I In recent years the incidence oflung tumors has increased 
markedly. Air pollution is assumed to be one of the reasons 
for this increase (1, 2). I Cadmium (Cd), frequently used in industry, is highly 
toxic. A number of toxicity experiments revealed acute and 
chronic disorders in the kidneys, bones, testes, and lungs of 
animals exposed to Cd (3). Although in some of the reports 
a relationship between lung tumors and Cd is suggested (4- 
!, i t  has not yet been confirmed experimentally. 
\ previous experiment (Oldiges H, Oberdonter G, Heer- 

r : H, Hochrainer D, Mohr U: Unpublished data) in our 
tn>titute and a publication by Hadley et al. (7) showed that 
I or 2 lung tumors developed in rats exposed to Cd aerosols. 
Since spontaneous, primary lung tumors scldom occur in 
rats, we thought these findings were important. Thus we 
performed a long-term inhalation experiment with cad- 
mium chloride (CdCI1) to ascertain its effects on rats. 

aerosol s a ~ p l e s  of about I n13 air frolrl thc intake at)d thc 
exhaust of the chambers through membrane filtcrs with a 
nominal pore size of0.2 pm. Even particles smaller than this 
size are collected on such filters with a deposition rare of 
almost 100%. The mass of Cd on the filters was determined 
byatomic absorption spcctrometry. The Cd concentrations 
in the chambers were assumed to be the arithmetic mean of 
the Cd concentrations measured simultaneously at the in- 
take and the exhaust. The particle size distribution was 
measured by means o l a n  aerosol centrifuge ( / I ) ,  where the 
particles were deposited on a strip of filter paper according 
to their aerodynamic diameter. This strip was cut into 
sections, and the mass of Cd on each section was determined 
by atomic absorption spectrometry. By the known calibra- 
tion of the centrifuge, the particle size distribution could be 
determined. The aerodynamic mass median diameter was 
0.55 pm, the arithmetic standard deviation was 0.48 pm, 
and the eeometric standard deviation was calculated to be - 
1.8. 

Expnimm1.-Male inbred W rats [TNO-W-75-SPF; i.e., 
from Nederlandse Organisatie voor Tocgepast Natuunve- 
tenschappelijk Onderzoek (TNO), inbred Wistar 1974 (\V- 
74), and specific pathogen-free (SPF)], purchased from F. 
Winkelman GmbH & Co.. Borchen, Federal Republic of 
Germany, were used. They werc approximately 6 weeks old 
and weighed 133-135 g a t  the beginning of the experiment. 
We divided 120 r a u  into 3 groups; 40 rats each were 
continuously (23 hr/day, 7 days/wk) exposed for 18 months 
to CdC12 aerosols with nominal Cd concentrations of 12.5, 
25, and 50 pg/m3. (The measured concentrations and fre- 
quency of measurements are shown in table I.) In addition, 
41 rats were kept in filtered air as a control group for the 
same period of time. Both experimental and control animals 
received water ad libitum and were given a pellet diet from 
4 p.m. to 8 a.m. only to minimize food contamination with 

Inhalalion system and aerosol gmtralion.-The inhalation was 
performed according to a technique previously reported by 
Prigge and co-workers (8, 9) and Oberdonter et al. (10). 
The exposure took place in 225-liter inhalation chamben 
containing two wire mesh cages each comprised of 10 rats. 
We generated the aerosol by atomizing a solution of CdClz 
(z0.32 g/liter) with an ultrasonic atomizer. Since the con- 
sumption of the solution by the atomizer was 100 ml/hour, 
the solution was kept in a 10-liter reservoir, which was large 
enough for constant operation also during the weekend. The  
rescrvoir was refilled daily, except on Saturdays and Sun- 
days, and the concentration was adjusted and checked by 
titration. The  air flow through the atomizer was 700 liters/ 
minutc, and the droplets dried in less than 1 second. The  
aerosol flow through the inhalation chamben was kept at 

'P 
80 liters/minute. For lower concentrations ofCd, the aerosol 
was diluted with filtered laboratory air. We determined the 
aerosol conccntrations once or twice a week by drawing 

Assmrvlrno~r USED: H & E-hcmatoxyiin and mrin; NBS-Sarionnl 
BurcauolStandards; PAS-periodic acid-Schifi; SRM-standard rclcrcnce 
material. 
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TIDLX 1.-Nominal and mennured Cd ronecntralio~u offhe CdCla 

orroaob uscdfor inhalation 

Nominal con. Mekrured con. standard de No. of mea- eentrations, centrsliona. 
,..-/ma "dm' viation, pg/ml suremenu 

CdCIz. After the inhalation period, all rats were housed 
singly in plastic cages under conventional laboratory con- 
ditions for 13 months. During the experimental period, the 
animals were weighed every 3 months. Dead or dying 
animals were autopsied as soon a$ possible after they were 
detected. The  rats surviving 31 months after the beginning 
of the experiment were killed by exsanguination under 
pentobarbital anesthesia for histopathologic examination 
and for measurement of the Cd content in their lungs, livers, 
and kidneys. 

All tissues were fixed in 10% buffered Formalin. The 
skulls of the rats killed were decalcified in a mixture of 
formic acid and Formalin. The Paraplast sections (3-4 pm) 
for histopathologic examination were stained with H & E 
and by the PAS reaction. 

A 0.2-g portion (wet wt) of lungs, livers, and kidneys was 
digested with 5 ml nitric acid (6510 Suprapur; E. Merck 
A.C., Darmstadt, Federal Republic of Germany) under 
pressure at 170°C. After the removal of HNOJ, the residue 
was diluted to 10 ml 54th 1% nitric acid. NBS SRM 1577 
(bovine liver; authentic Cd content: 0.27&0.04 pg/g; meas- 
ured: 0.32f 0.03 pg/g) was treated in the same way. The Cd 
concentration \\,as determined on a Perkin-Elmer 4000 spec- 

LOO I 

RESULTS 

trorncter equippct th an t1GA 5 G r a p h i t e  ator,, .ind 
an AS 40 autosanipier. The Massmann furnace w: r,di. 
ficd by the application of a L'vov platlorln to duct 
interferenca of the biological nlarrix and to achieve a il'igllcr 
sensiriviry (12-14). For the same purpose a 4% scllution of 

During the inhalation period of 18 months, the body , 

weights were similar among the control and the CdC12. 
exposed groups. Six months after the inhalation period, all 
rats had lost weight, which kept on decreasing until the end 
of the experiment. However, there wercno significant dir. 
ferences among the 4 groups (text-fig. 1). 

T h t  mean survival times (in wk, k SD) were 121.9i18.9, 
119.2i16.9, 124.5k15.4, and 116.li22.9 for the control 
group and the groups exposed to Cd at 12.5,25, and 50 pg/. 
m3, respectively. The  mean values include the lifetime 01 
rats killed when the experiment was terminated. The  differ- 
ences were not significant, though the mean survival time 01 
the rat<exposcd to 50 pg Cd/mJ was slightly shorter than 
the mean survival times of rhe other groups (text-fig. 2). 

As shown in table 2, the Cd concentrations in the lungs 
were 10.4 pg/g wet weight in the highest, 4.7 pg/g in [he 
middle, and 5.6 pg/g in the lowest concentration 
and less than 0.03 p g / g  in rhe control group. The  valuer 111.  

the lung?, and livers were comparable. The Cd concent! ..- 

Nt14H2P04 (E. Merck A.G.; guaranteed reagents lor anal. 
ysis) was added to the sample injected into the cuvette. All 
measurements were done in the standard addition mode. 

The sensitivity of the Cd determination was 1 ng Cd/ml, 
and'the corresponding absorption value was 0.073 (absorb. 
ance of 16.6%) for a 20-pl sample. 

M 5oPg/rn3 ~d 
A . 25 
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; 
; 
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tions in the kidneys were about three times as high as those 
in the other organs examined. 

The first epidermoid carcinoma occurred in a rat exposed 
to 25 pg Cd/m3; this rat died 20 months after the beginning 

he experiment. The first adenocarcinoma was seen in a 

(6: xposed to 12.5 pg Cd/m3; this rat died after 22 months. 
- rats of the group exposed to 50 pg Cd/m3, which died 

.irter 23 months, a lung adenocarcinoma and lung epider- 
n~oid carcinoma, respectively, were observed. 

The  adenocarcinoma, mainly showing papillary and 
sometimes glandular structures, had developed in every lung 
lobe. It consisted of cuboidal and columnar ceMs with irreg- 
ular nuclei and infrequent mitoses. In many cases mucus 
secretion was noted (figs. 1-3). 

The  epidermbid carcinoma occurred a, a single tumor 
mass consisting of typical epidermoid structures, with or 
without keratinization, and frequent mitoses (ligs. 4, 5). 

The  mucoepidermoid carcinoma showed mucus-secreting 
cells in the cell nests of epidermoid structures (fig. 6). 

Most of the tumors were multiple. Two different types or  
carcinomas (adenocarcinoma and epiderrnoid carcinoma) 
occurred in the lun of I rat each of the groups exposed to 5 25 and 50 pg Cd/m (fig. 7). 

TABLE 2.-Concentration of Cd in lungs, livers, and kidnys of W 
rats exposed to CdC& for I 8  month (13 mo afler the end 

of the inhalotionJ 

Exposure No. of Cd concentration,pg/g wet wt, in:' 

groups ' ~ u n e .  Liven Kidnew 

Contml 9 ~ 0 . 0 3  O.lM.I 0.3t0.1 

'Results are rnsnns f SD. 

In all, primary lung carcinomas were induced in 71.4% 
(25/35 rats examined histopathologically) of the animals 
exposed to 50 pg Cd/m3, 52.6% (20/38 rats) of the animals 
exposed to 25 pg Cd/m3, and 15.4% (6/39 'rats) of the 
animals exposed to 12.5 pg Cd/m3. Table 3 shows the 
distribution and histologic types of the tumors induced. In 
addition, metastases in the regional lymph nodes and kid- 
neys and invasion into the regional lymph nodes and the 
hearts were observed in some of the cases. Also, several rats 
of the exposed groups showed lung adenomas and adeno- 
matous hyperplasia in the bronchoalvcolar area (fig. 8). The 
wntrol group did not develop any lung tumors, although 2 
control rau had metastases deriving from a skin epidecmoid 
carcinoma and a skin fibrosarcoma, respectively. 

Many rats in every group also showed various tumon in 
organs other than the lung. There were pituitary tumors (4 
in the control group, 12 in the group exposed to 12.5 pg 
Cd/m3, 5 in the group exposed to 25 pg Cd/m3, and I in 
the group exposed to 50 pg Cd/m3), thjroid C-cell tumors 
(2 in the group exposed to 12.5 pg Cd/m and 1 in the group 
exposed to 25 pg Cd/ms), malignant or benign pheochrom- 
ocytomas (2 in thecontrol group), 8 in the group exposed to 
12.5 pg Cd/m3, 4 in the group exposed to 25 pg Cd/m3, and 
4 in the group exposed to 50 pg Cd/m3), 6ancreatic islet cell 
tumors (I in the control group and 1 in the group exposed 
to 50 pg Cd/m3), taticular Leydig cell tumors. (4 in the 
control group, 1 in the group exposed to 12.5 pg Cd/m3, 1 
in the group exposed to 25 pg Cd/ms, and 2 in the group 
exposed to 50 pg Cd/ms), skin tumors (3 in the control 
group, 2 in the group exposed to 12.5 pg Cd/m3, 3 in the 
group exposed to 25 pg Cd/m3, and 2 in the group cxposc:' 
to 50 pg Cd/m3), and systemic tumon (1 myclomono .pic 
leukemia in the control group, I'  histiocycoma, I he - 
giosarcoma, and I malignant schwannoma in the I p 
exposed to 12.5 pg Cd/m3, and 1 malignant lympho! in 
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TABLE 3.-Lung changcs in W rota after exposure to CdCl. oerosola 

No. of rnts with lung changes 

No. of ratd exam- Combined ep. 
Initial No. i.ed hkto,ogi- Exposure g m u ~ s  of (" Adenocnr. Ez$ Mucoepi- idermoid car. 

C ~ U Y  
Adenomatnu Ade- 

cinorna wci-  dermoid cinoma and hyprplaaia noma - carcihomn ndenocarci. 
noma noma 

'Two rat. died durinn the fvat 18 no: another rat was not elamined bccsue of autolyais. 1 
'one rat was not e&ed becaw oiautolysis. 
'Two no wem not clamined because of autolysk. 
'Thmm nla died during the fin1 18 no; 2 other ratd were not examined because of aulolysis. 

the group exposed to 25 pg Cd/m3). In addition, many rats 
of the control and the CdClrcxposed p u p s  developed 
chronic nephrosis, cardiac fibrosis, and testicular atrophy. 
The occurrence of these histopathologic findings was not 
significantly dillerent among the 4 groups. The nasal cavities 
of rats killed at the end of the experiment had neither 
hyperplastic changes nor tumon. 

DISCUSSION 

Numerous reports concerning the occurrence of Cd in the 
environment and its biological and health effects have been 
published. Acute exposure experiments with Cd aerosols 
have demonstrated that Cd damages alveolar type I cells, 
which are then replaced by proliferated alveolar type I1 cells 
(15-18). Subacutely inhaled Cd aerosols enhance cell pro- 
liferation in bronchi, bonchioli, and alveoli of the exposed 
rats (9). Although parenteral administration of Cd induces 
rumors in rats (local sarcomas and sometimes testicular 
rumors), evidence of carcinogenicity of inhaled Cd hiis not 
been demonstrated (3, 19.20). 

In our long-term experiment, lung cancer occurred at a 
high incidence, and a distinct dose-response effect was seen 
with CdClz (71.4% lung cancer in the highest, 52.6% in the 
middle, and 15.4% in the lowest Cd concentration groups; 
no lung cancer in the control group). Histopathologically, 
such typical lung tumors as epidermoid carcinomas, ade- 
nocarcinomas, combined cpidermoid carcinomas and ade- 
nocarcinomas, and mueoepiderrnoid carcinomas were ob- 
served. Several animals showed metastases or invasion to 
other organs. 

Our  success in demonstratine Cd carcinocenicitv mieht 

incidence of more than 90% (only 2/25 examined rats were 
negative). If we had killed the animals before the 27th 
month, we would surely have detected initial stages of lung 
cancer, but not so many macroscopically and microscopi- 
cally clear turnon. 

As for parenteral or peroral administration of Cd, the 
kidney has already been proved to be the critical organ. 11 
is estimated that a cortical Cd concentration of 200 pg/g 
wet weight might cause tubular dysfunction (17). In our 
experiment the average Cd concentration in the entire 
kidney of rats exposed to 50 pg cd/m3 amounted to 34 pg/ 
g wet weight. Most of the animals in both the control and 
CdClz-exposed groups had chronic nephrosis-obviously i l l  

age-dependent change. 
The results of this experiment demonstrate that cxpoq5 .r 

to CdClr aerosols can cause lung carcinomas. It will non bc 
necessary to investigate the pathogenesis of this l u n ~  cancer 
and to evaluate the critical or lowest Cd concentration thdl 
induces lung tumors. 1 
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Appendix B 





Low d o s ~ ,  c ; l r c i n o g e n i c  risk e s t i m a t i o n  i s  achieved by ! ~ ! . ~ l h ~ : : : , , ~  i r : , t l  .no~lhliny 

which i l t t tmpts  t o  c h a r a c t e r i z e  an unknown r e l a t i o n s h i ; :  betwrc:; ~:xposdr't! a n d  

t h e  p r o b a b i l i t y  o f  r e sponse  o r  t o  p l a c e  an upper bourld r.71  t .m t  p r o b a b i l i t y  

f o r  a  given exposure. S ince  t h i s  r e l a t i o n s h i p  c a n n o t  be o b s e r v e d  a t  low 

d o s e s ,  t h e  models a r e  f i t t e d  t o  d a t a  observed a t  h ighe r  doses ( g e n e r a l l y  by 

e s t i m a t i n g  t h e  model 's  parameters  us ing  maximum 1 i k e l  ihood o r  o t h e r  s t a t  is- 

t i c a l  m e t h o d s ) .  E x t r a p o l a t i n g  t h e  f i t t e d  eqi lat ion t o  low doses  y i e l d s  t h e  

e s t ima ted  r i s k .  

The  t w o  g e n e r a l  c l a s s e s  o f  m o d e l s  a r e ;  t o l e r d n c e  d i s t r i b d t i o n  and  

mechanis t ic .  Both t y p e s  of mode l s  a r e  used  t o  f l t  d i  c h o t o m o ~ s  r e s p o n s e  

d a t a :  c a n c e r  v s .  no  c a n c e r .  Each model d e s c r i b e s  t h e  p r o b a b i l l t y  of a  

p o s l t i v e  response ,  a l s o  termed t h e  risk, a s  a  mathem,;.tica? f u n c t i o n  o f  d o s e  

d ,  d e n o t e d  P ( r e 3 p o n s e  g i v e n  d l  o r  more s i m p l y  P ( d ) .  Any model c a n  be 

modif ied t o  i n c o r p o r a t e  time a s  a  p r e d i c t o r  v a r i a b l e ,  i . e .  a  t i m e - t o - t u m o r  

o r  t e m p o r a l  model d e s c r i b e s  t h e  p r o b a b i l i t y  of a p o s i t i v e  r e sponse  a s  a  

f u n c t i o n  of both time a n d  d o s e ,  P I r e s p o n s e  a t  o r  b e f o r e  t i n e  t g i v e n  d )  

a g a i n  a b b r e v i a t e d  P ( d , t ) .  Note t h a t  P(d)  and P ( d , t )  i n c l u d e  t h e  backgrodnd 

r a t e s ;  they a r e  no t  t h e  excess  p r o b a b i l i t y  of cancer  ddbs t o  t h e  a g e n t ,  b d t  - 
comprise t h e  t o t a l  risk. 

Tolerance  d i s t r i b u t i o n  models a r e  based on t h e  concl:;Jt t.tlat hrctl i n d t v i d r l a l  

hits a  t o l e r a n c e  o r  th resho ld  l e v e l ,  abovb which a  response  0cci;r:;. For each 

model, t h e  v a r i a b i l i t y  i n  t h r e s h o l d  l e v e l s  among i n d i v i d u a l s  in  t h e  popul  a- 

t i o n  i s  desc r ibed  by a  p r o b a b i l i t y  d i s t r i b u t i o n .  



M e c h a n i s t i c  m o d e l s  a r e  b a s e d  o n  a  p r e s u m e d  b i o l o g i c a l  a e c h a r i i s r n  o f  

c a r c i n o g e n e s i s .  T h e s e  models  assume t h a t  a  t m o r  o r i g i n a t e s  from a  s i n g l e  

c e l l  damaged by e i t h e r  t h e  a g e n t  o r  i t s  m e t a b o l i t e s .  

  or p u r p o s e s  of r i s k  a s s e s s m e n t ,  l T t i m e - t o - t u m o r "  o r  t empora l  models a r e  

g e n e r a l l y  m o d i f i c a t i o n s  of m e c h a n i s t i c  models.  For e x a m p l e ,  t h e  A r m i t a g e -  

D o l l  o r  m u l t i s t a g e  model h a s  been modif l e d  t o  i n c l u d e  a  Weibu l l  f u n c t i o n  of 

t i m e ,  r e f e r r e d  t o  i n  DHS d o c u n e n t s  as t h e  "Weibu l l i zed"  m u l t i s t a g e  model. 

1 .  P r o b i  t model 

T h i s  model assumes t h a t  t h e  s e n s i t i v i  t les of i n d i v i d u a l s  i n  t h e  popdla-  

t i o n  f o l l o w  a  n o r m a l  d i s t r i b u t i o n  when p l o t t e d  a g a i n s t  t h e  l o g  of t h e  

d o s e .  Thus t h e  p r o b i t  f u n c t i o n  i s  a  t o l e r a n c e  d i s t r i b u t i o n  model which 

p r e d i c t s  t h a t  t h e  p r o b a b i l i t y  of c a n c e r  c a n  be r e p r e s e n t e d  a s :  

w h e r e  $ ( x )  - ,f:(2rr)-'/* e x p ( - u 2 / 2 ) d u ,  t h e  c m u l a t i v e  s t a n d a r d  normal  

d i s t r i b u t i o n .  

2. L o g i s t i c  model o r  l o g i t  model - 

T h i s  model a s s o c i a t e s  t h e  l o g  of t h e  odds  ( - P l r e s p o n s e ] / P [ n o  r e s p o n s e ] )  

o f  a  c a r c i n o g e n i c  r e s p o n s e  w i t h  a  l i n e a r  f d n c t i o n  i n  t h e  l o g  of t h e  

d o s e .  The n a t d r a l  l o g  ( I n )  o f  t h e  o d d s  i s  known a s  t h c  l o g i t .  The  

e q u a t i o n  f o r  t h i s  model i n  t e r m s  of t h e  l o g i t  is:  



where l o g  can r e p r e s e n t  t h e  loga r i thm base 10 o r  base  e .  

The e q u i v a l e n t  r e l a t i o n s h i p  i n  te rms of r i s k  is: 

~ ( d )  - [ I  + exp( - (a  + b  l o g  d ) ) l  
- 1 

which has  no mechan i s t i c  b a s i s  i n  c a r c i n o g e n e s i s  and  i s  t h e r e f o r e  a  

t o l e r a n c e  d i s t r i b u t i o n  model. 

3 .  One h i t  model 

The m e c h a n i s t i c  i n t e r p r e t a t i o n  of t h i s  model s t a t e s  t h a t  one i n t e r a c -  

t i o n  between a  m o l e c u l e  o f  t h e  c a r c i n o g e n i c  a g e n t  a n d  t h e  D N A  i n  a  

s i n g l e  c e l l ,  is s u f f i c i e n t  t o  induce cancer .  This  i n t e r a c t i o n  can be 

viewed a s  a s i n g l e  The s t a t i s t i c a l  d e s c r i p t i o n  s t a t e s  t h a t  i n  

t h i s  mode l ,  t o l e r a n c e s  a r e  p r o p o r t i o n &  t o  an exponent ia l  d e n s i t y  i n  

some l i n e a r  f u n c t i o n  of dose: 

P ( d )  - 1 - exp [ - ( a  + b d ) ]  w i t h  c o n s t r a i n t s  abO, b>O. A t  low 

doses  t h e  risk is l i n e a r  i n  dose  i . e . :  

P ( d )  - a  + bd. 

Thus, P(d)-P(0)  - bd is t h e  exaess  > r o b a b i l i t y  of cancer .  



A s  i n d i c i i t c { l  below, L r i ~ , ! - \ ,  . i r e  t h r e e  models  which r e d d c e  Lo t h e  or~c-k,i:.  

model f o r  c e r t a i n  v ; ~ l ~ c , z  of t h e i r  p a r a m e t e r s :  t h e  gamma mu1 t i h i L  

m o d e l ,  t h e  m u l t i s t a g e  model ,  a n d  t h e  Weibd l l  model. I n  mos t  i n s t a n c e s  

t h e  o n e - h i t  model g e n e r a t e s  t h e  h i g h e s t  r i sk  l e v e l  f o r  a  g i v e n  l o w  

d o s e ,  when c o m p a r e d  t o  o t h e r  m o d e l s ,  b u t  t h i s  w i l l  n o t  h o l d  f o r  a l l  

c a s e s .  For i n s t a n c e ,  i f  t h e  s l o p e  o f  t h e  d o v e  r e s p o n s e  c u r v e  r i s e s  

S t e e p l y  t h r o u g h  most  of t h e  o b s e r v e d  d o s e  r a n g e ,  t h e  Weibu l l  and  m u l t i -  

h i t  models  w i l l  f i t  a  s u p r a l i n e a r  c u r v e  a t  low d o s e s ,  p r e d i c t i n g  h i g h e r  

r i s k s  t h a n  t h e  o n e - h i t  mode l  p r e d i c t s  (Van Ryzin  1980, Van Ryzin and  

Rai 1980,  Van Ryzin 1982) .  

4 .  M u l t i s t a g e  m z d z  

T h i s  model i s  a  g e n e r a l i z a t i o n  o f  t h e  o n e h i  t model.  For c a n c e r  inddc-  

t i o n  t o  o c c d r ,  a  c e l l  m d s t  u n d e r g o  a  s e r i e s  of  h e r i t a b l e  c h a n g e s ,  i n  

which e a c h  change o r  s t a g e  is a p r e r e q u i s i t e  f o r  t h e  n e x t .  I f  t h e r e  

a r e  k s t a g e s  a n d  if  e a c h  d o s e - d e p e n d e n t  c h a n g e  o c c u r s  as a  l i n e a r  

f u n c t i o n  o f  d o s e ,  t h e  model c a n  be  w r i t t e n  as: 

~ ( d )  - , I  - exp[;II, ( a i +  bid)] .  

T h i s  c a n  be w r i t t e n  i n  t h e  more g e n e r a l i z e d  form 

i 
~ ( d )  = 1 - ~ X P [ ~ ! ,  qi d I w i t h  q i tO f o r  a l l  i .  



When q i  - o f o r  a l l  i 2 2 ,  the  :-..?t.lstdp,c model r eauces  t o  t h e  o n e - h i t  

model .  A t  low d o s e s ,  l o w c r  ord1.r terms d o m i n a t e  a n d  t h e  c u r v e  i s  

e s s e n t i a l l y  l i n e a r  w i t h  P ( d )  - r l , ~ l .  

5. Weibull model 

A Weibull d i s t r i b u t i o n  f u n c t i o n ,  a l s o  known a s  t h e  e x t r m e  v a l u e  f u n c -  

t i o n ,  models  t h e  p r o b a b i l i t y  of response  i n  r e l a t i o n  t o  a power of t h e  

independen t  v a r i a b l e .  T h i s  r e l a t i o n s h i p  i s  o n e  o f  d i r e c t  p r o p o r -  

t i o n a l i t y  ( t o  t h e  p o w e r  f u n c t i o n )  n e a r  z e r o .  When d o s e  i s  t h e  

p r e d i c t o r ,  t h e  model t a k e s  t h e  form: 

P ( d )  - 1 - e x p - ( ~ d ~ )  w i t h  m>o 

- 1 - exp[-exp(a+b i n  d ) ]  where b-m-0 and a - ln  A .  

When m-1 , t h e  Wei b u l l  model reduces  t o  t h e  one-hi t model. When m>l t h e  

low dose  behavior is  concave ( s u b l i n e a r ,  s l o p e  i n c r e a s i n g )  and when m < l  

t h e  low dose  behavior  is  convex ( s r ip ra l inea r ,  s l o p e  d e c r e a s i n g ) .  



6 .  M u l t i h i  t model 

The  gamma m u l t i h i t  model is a l s o  a  g e n e r a l i z a t i o n  o f  t h e  one-hi t model 

where c a r c i n o g e n e s i s  r e s u l t s  f r m  a  s u f f i c i e n t  n u n b e r ,  o r  k ,  " h i t s "  i n  

a  s i n g l e  c e l l  w i t h i n  a  s p e c i f i c  time p e r i o d .  I f  t h e  nmbe; ,  of h i t s  

f o l l o w s  a  P o i s s o n  d i s t r i b u t i o n ,  t h e n  t h e  p r o b a b i l i t y  of s u f f i c i e n t  h i t s  

m ( b d l X  .-bd 
t o  i n d u c e  c a r c i n o g e n e s i s  is: P ( d )  w x L k  which c a n  be shown x  ! 

I n  p r a c t i c e ,  t h i s  model is e x t e n d e d  t o  i n c l u d e  n o n - i n t e g e r  v a l u e s  of  k ,  

k-1 -x 
dx i n  which c a s e  P ( d )  - gd X r ( k )  

where  r ( k )  i s  t h e  gamma f u n c t i o n :  

f o r  a l l  k>O 

f o r  k a  p o s i t i v e  i n t e g e r .  

When k t a k e s  n o n i n t e g r a l  v a l u e s ,  however ,  t h e  m e c h a n i s t i c  i n t e r p r e t a -  

t i o n  no l o n g e r  a p p l i e s .  

The s t a t i s t i c a l  d e s c r i p t i o n  o f  t h i s  model s t a t e s  t h a t  t o l e r a n c e s  f o l l o w  

- 1  a  gamma d i s t r i b u t i o n  w i t h  p a r a m e t e r s  ( b d )  a n d  k .  when k-1 , t h e  

m d l t i h i t  model redi ices  t o  t h e  o n e - h i t  model. When k>1 t h e  s l o ~ e  a t  low 



doses  1s an irlcreirslng fdrlct iol l ,  and  wllQn k c 1  the. l o u  dube s11)pc. , .I 

d e c r e m i n g  f  dnct 1011. 

As descr ibed .  one  can model t h e  p r o b a b i l i t y  of a  p o s i t i v e  r e sponse  as a 

f u n c t i o n  of both time and dose  when P ( d , t )  - P[response  b e f o r e  t i m e  t , 

given dose  d ) .  One procedure i s  t o  modify a  mechan i s t i c  model: 

where  f  ( d )  c a n  be any d o s e  r e s p o n s e  model and g ( t )  is  a f u n c t i o n  of 

time. The DHS has used a m o d i f i c a t i o n  of t h e  m d l t i s t a g e  model: 

which, a t  low doses ,  reduces  t o  t h e  form 

P ( d , t )  - qid ( t - t e )  
h where tp is  t h e  e s t i m a t e d  l a t e n c y  time. 

h 
S i n c e  a  Weibull f u n c t i o n  of t ime wodld be e x p ( - t  ) ,  t h e  above model. f o r  

P ( d , t )  h a s  been termed a ' r le ibul l ized  m u l t i s t a g e  model. 

The t h e o r e t i c a l  b a s i s  f o r  us ing  t h e  Weibu l l  f u n c t i o n  o f  t i m e  l i e s  i n  

t h e  o b s e r v a t i o n  o f  Armi tage  and  Doll r e p o r t e d  i n  t h e i r  now clasni..ll 

paper of 1954, t h a t  t h e  i n c r e a s e  i n  cancer  inc idence  ove r  a  l i T e t i m e  is 

p ropor t iona l  t o  t h e  s i x t h  o r  seven th  power of a g e ,  o r  t ime s i n c e  b i r t h .  



I t  s h o d d  be n o t e d  t h a t  " L I  . -; j-turoor" 1 3  a ~t is t h e  time:; a 
- t o - d e a t h  w i t h  t m w  which a r e  o b s e r v e d .  I n  p r a c t i c e ,  t h e  a d v a n t a g e  o f  

u s i n g  t ime-dependent  modcin i s  , : r c n t e s t  when t h e  v a r i a t i o n  i n  s u r v i v a l  

t imes i s  l a r g e .  S i n c e  a n i m a l  e x p e r i m e n t s  u s u a l l y  e n d  w i t h  t e r m i n a l  

s a c r i f i c e  of  a  l a r g e  p r o p o r t i o n  o f  t h e  t e s t  a n i m a l s ,  t h e  a c t u a l  s u r -  

v i v a l  time o f  m o s t  a n i m a l s  i s  n o t  o b s e r v e d ,  a n d  t h e  a d v a n t a g e  i n  

mode l ing  P ( d , t )  i s  s m a l l .  



I t i j t  iorldle f o r  S e l e c t  iorl o f  Models for. i : x L r ~ . ~ ~ ~ ~ : l i L  iu l t  I ' : ~ ~ . r f m  :,:,I .:, ; : ..i,3;1:::,.~y _ _ _ _ _  -- 
Data - 

T h e o r e t i c a l l y ,  a  model which best  describes the blologlcdl pl'uot?s.it's would 

be the  model of choice. However, ne i ther  cance r  induct1011 d n d  promotion,  

nor d e t o x i f i c a t i o n  and DNA repa i r  mechanisms a r e  dr~derstoud well enough t o  

provide an e x p l i c i t  form f o r  a  mathematical cdrve  r e l a t i n g  dose  t o  cance r  

r i s k .  E m p i r i c a l l y ,  s e v e r a l  d i f f e r e n t  models can be f i t t e d  t o  most data  

s e t s ,  and i t  i s  u n l i k e l y  t h a t  f u r t h e r  exper imenta t io r . ,  ever1 v i t h  l a r g e  

groups of animals, w i l l  decis ively discrminate between possible models. 

The choice of mathematical models t o  represent  dose-response r e l a t i o n s h i p s  

t h e r e f o r e  i n v o l v e s  a  s u b s t a n t i a l  e lement  of s c i e n t i f i c  judgement. The 

considerat ions  f o r  developing o r  s e l ec t ing  a  r i s k  model appropr ia te  f o r  low 

dose extrapolat ion include: biologic p l a u s i b i l i t y ,  sensi  t i v i  t y  t o  t he  shape 

of the  observed dose-response r e l a t i onsh ip ,  t he  degree of 1 i n e s r i  t y  i n  t h e  

low d o s e  r e g i o n ,  i n t e r p r e t a b i l i t y  of  t h e  e s t i m a t e d  p a r a m e t e r s ,  and 

f l e x i b i l i t y  t o  take account of survival  var ia t ion.  The r e l a t i v e  impor tance  

of these considerations depends on t h e  s p e c i f i c  data  s e t s  avai lable .  

The dse of mechanistic models r a t h e r  t han  t o l e r a n c e  d i s t r i b i i t i o n  models 

r e f l e c t s  an e f f o r t  t o  u t i l i z e  as  f u l l y  a s  possible t he  c ,mrent  krlowled~e on 

carcinogenic processes. From t h i s  point  of view, t he  s t a f f  of DliS considers 

t h e  p r o b i t  and l o g i s t i c  models the  l e a s t  appropria te  choices for  'low dose 

ex t rapola t ion ,  and the mechanistic models the most biological iy  p l a s s ib l e .  



Hecadsc t1.i s t a r  f' of' !)I!:; nttrmpts t o  provide health conservative estin,ntes 0 
of' low d o s c  r i s k ,  we fr i -q;ent ly  r e l y  on t h e  m a l t i s t a g e  model. This i s  

because 1 ) i t  i s  somewhat more f l e x i b l e  than the one-hit ,  2)  i t  can f i t  a  

v a r i e t y  of empir ica l  d a t a  s e t s  reasonably  w e l l ,  3 )  i t  has a  p l a u s i b l e  

b i o l o g i c a l  basis ,  and '4)  i t  has the  advantage over other mechanistic models 

of heinc e s sen t i a l l y  l i nea r  a t  low doses. 
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Mortality Among a Cohort of U.S. Cadmium 
Production Workers-an Update 

0 
Micheal J. Thun. M.D., M.S.. 2 Teresa M. Schnorr, Ph.D., Alexander Blair Smith, M.D., MS.,  
William E. ~ a l p ~ r i n ,  M.D., M.P.H., and Richard A. Lemen, M.S. 2.3 

ABSTRACT-A previous retrospective mortality study of 292 U.S. 
cadmium production workers employed for a minimum of 2 years 
showed increased mortality trom respiratory and prostate cancer 
and from nonmalignant lung disease. To examine further the 

i mortality experience of these workers, investigators from the 
National Institute for Occupational Safety and Health extended the 
study to include 602 white males with at least 6 months of 

,' production work in the same plant between 1940 and 1969. Vital 
status was determined through 1978, which included the addition of 
5 years to the original follow-up. Cause-specific mortality rates for 
seven cause$ of death potentially related to cadmium exposure 
were compared between the overall cohort and U.S. white males 
and betweensubgroups. Mortality from respiratorycancerand from 
nonmalignant gastrointestinal disease was significantly greater 
among the cadmium workers than would have been expected from 
U.S. rates. All deaths trom lung cancer occurred among workers 
employed for 2 or more years. A statistically significant dose- 
response relationship was observed betwwn lung cancer mortality 
and cumulative exposure to cadmium. A 50% increase in lung 
cancer mortality, which was not statistically significant, was 
ObseNed even among workers whose cumulative exposure to 
cadmium was between 41 and 200 rglm3 over 40 years. Since the 
previous investigation, no new deaths from prostate cancer and no 
excess of deaths from nonmalignant respiratory disease have been 
observed.-JNCI 1985: 74:325-333. 

(possibly the oxide) increases the risk of prostate cancer 
in man." Subsrantial controversy continues, however, 
and although several subsequent epidemiologic studies 
(15-18) have found increased mortality from prostate 
cancer among occupational groups, other studies (19-21) 
have not. 

Still more controversial is the possible relationship 
between cadmium and lung cancer. At the time of the 
IARC working committee, only the Lemen et al. (1) study 
had found excess mortality from respiratory cancer. 
Interpretation of that study was complicated because 
some of the long-term workers in the cohort also had 
been exposed to arsenic during the 1920's when the plant 
functioned as an  arsenic smelter. Concern about the 
potential carcinogenicity of cadmium to the lung has 
increased, however, due to recent animal data. Takenaka 
et al. (22) exposed rats continuously to cadmium chloride 
aerosol and found a dose-dependent increase in lung 
tumors at exposure levels well within the current 
occupational limit. 

Because of continuing concern about the effects of 
chronic cadmium exposure on mortality, NIOSH has 
extended the follow-up of the cohort first described by 
Lemen et al. (I). T h e  present report describes the 
mortalitv exoerience of the mouo  throueh 5 additional , . - .  - 
years of observation, ending December 31, 1978. In 

In 1976, Lemen et al. ( I )  published the results of a 
study on cancer mortality among cadmium production 
workers at a U.S. cadmium recovery plant. Using 
national white male rates for comparison, Lemen et al. 
reported a statistically significant excess of deaths from 
respiratory cancer (Obs= 12: SMR=235), from nonmalig- 
nant respiratory disease (Obs=8; SMR=159), and, 
among workers with 20 or more years since first employ- 
ment, from prostate cancer (Obs=4; SMR=452). The . Lemen study included only hourly workers employed for 
2 or more years between January 1, 1940, and December 
31, 1969, and followed these workers through 1973. 

! A number of previous epidemiologic and experimental 
studies had suggested that cadmium might cause cancer 
of the prostate. Two occupational reports (2,3) described 
excess mortality from prostate cancer among cadmium 
workers at a small British alkaline battery plant. Cad- 
mium, like zinc, is known to concentrate in the prostate 
gland (4-5). Numerous toxicologic studies (6-13) have 
shown that injection of cadmium metal or salts into 
laboratory rats produces sarcomas locally and more 
distant interstitial cell tumors of the testes. On the basis 
of these findings. the IARC (14) concluded in I976 that 
"occupational exposure to cadmium in some form 

ARRREVI*.TIONS IISFD: CI=conlidencc interval: Exp=expected; HIS= 
Health Interview Survey; IARC=lnternational Agency lor Research on 
Cancer; ICD=lnternationat Classification 01 Disease; NIOSH'Na- 
tionat Institute for Occupational Safety and Health; NMGID=non- 
malignant gastrointestinal disease: Obs=observed: OSHA=Occupa. 
tional Safety and Health Administration: PEL=permissible exposure 
limit: PY=person-years: PYAR=PY at risk ofdying; SMR=standard- 
ized mortality ratio(s); SRR=srandardired rate ratio(s); TWA=time- 
weighted average. 
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BACKGROUND 
'1.11~ i n d ~ t s ~ ~ i a l  I I I ; I I I ~  1111(l(*r 51ucIy II ; IS  ~ ~ , I I I I C ~  I , I ~ ~ I I I I ~ I I I I  

n c t  I I I ~ I I I  I I I I I I S  I I !  1 1  111111- 

tio111v1 ~ ~ r c - v i o ~ ~ s l y  ;IS a11 ; ~ r s r ~ ~ i t ~ s ~ n c l t i ~ r  1ro111 l ! ) l U  I I I  l!12.'1 
arltl ;IS ;I Ir;ld smeltrr [ I ~ I I I  I8UG 111 1918. :\llIlo11~11 ( I I I I ( .  

C ; I ~ I I I ~ I I I ~  ] ) roc~ss i~ lg  ol)rri~liotls \cvle I ~ I . ~ I I I I  1 ~ 1 i o 1  111 

1!)25. 111r prinlary function of tile ~ I ~ I I I I  f o ~  I I I O I I ~ .  111.111 

years l ~ a s  bee-11 to rrcovrr c.;~dmi~rm ; I I I ~  i~ I I I I I I ~ ~ ~ I  t ) I  0111('1 

tracr metals from "bag house" dust, a b) - 1 ) 1 < ~ 1 1 1 <  I oI 11,;lrl 

smelling. T h e  fz~cility is unusual in havil~!: a p r ~ ~ l o ~ ~ g t . d  
period of ol,eration, with workers exposed prcdolninantly 
to cadmium. . 

Tllc* industrial process recently was describt~~ll~y Smi111 
vt  ;11. (23 ) .  Cadmi11111 cnlers ~lroductil~ll l > r i ~ ~ ~ i l ~ i ~ l l v  ; I \  

cadlni111n oxitle dust (;rgglomcl-ated fu~nc*). 111 :I \ r ,~ ic> 01 
I0 ~ , l~ys ic ;~ l ly  isolated work areas, i~ is ri~;r$tr(l. 111isrtl 
wit11 acid in form a cake, calcined, dissol\rd i ~ t  \vatrl. 
recovered electrolytically, and treated fu~tller to pt-oducr 
cadmium oxide, metal, or yello\\s cadmium pign~vnl. Air. 
monitoring data rollrcted by the ron~li t~~l!  f1o111 1 1 1 ~  

1910's to the present sl~ol\. that esposurt.s dillc*~ sub- 
s t a~~ t i a l lg  anlong del,ar~~nents and ovrr 1i111c. Erl1osurt.s 
have decreased over time due to thr ~ I I I I I I ~ ~ I ~ I ~ O I ~  of 
ve~~t i la t ion  controls and to ;I m;lndalory ~vspir ;~lor  
prosram introduced in the 9 0 ' s .  Slrli~li 1.1 I .  (23)  
estimated the inhalation expostirps illat c~c<u~t-vd i l l  

various departments (table I ) ,  T l ~ r s e  racin~;~trs K C I Y  b.~rrcl 
ul,on historical are21 ~not~i tor ing  data. a d j ~ ~ s ~ ( . d  to rt.flt.i:t 
~ I I I .  a<:tual expmsures \rot-kers ~vearing 1rs1)irn1111s (2.1). 
Arca-samplirlg data were first adjusted to rtSf1vct l~('rso~iaI 
s a m p l i ~ ~ g .  based on the ratio between arm sa1111,les atid 
personal exposure measureme~lts iron1 1973 ~ I I  i!li6. For 
tliose.de[>artments and calendar periotls in \vliirl~ \<,ot-hrrs 
wore rcsl)irators, the es~imates of 1,~rsonal ~ . X ~ I ) S I I I V  ~ v c ~ ~ c ~  
divided by 3.9, the geo~nelric mr;In r r sp i~a t (~ r  111o1c.c ~ ~ I I I I  

fartor measured in a survey at this pl;~nt in l9iti ( 2 4 ) .  
Also reflecting exl,osure arc rneasult~lncnts of u r i ~ ~ e  

catlmium which the company obtained periodically on 

I ~ I ~ I ~ I # I ( I I I & I I  I s i l l ( ( .  I!llH. I I  3.111111l#~\ \ V # . I ~ .  

. ~ t 1 . 1 1 \ / 0 < 1  I t \  ( O ~ O I I I I I ( . I I ~ ~  t , & ~ ~ i ~ t f i o ~ ~  I I I I I ~ I  I ' I I I I I  
\ 1 : 1 1 , ~  ~ ~ I I I . I I I ~ \  I ) \  . I ~ ( I I I I ~ ~  : I ~ I V I I ~ I ~ I I ~ I  * I I I . ( I I I I * I I I I ) \ .  , f5 
11.111\ I I . I * I I < I \  I G ) I I I , I ~ I I ~ . I ~  I I I ~ I I C I ; I ~ ~ I I I ~ I I I I I  I I I I . . I \ I I I ( . I I I I . I I I ~  I t 0 1  

L ' l i l  I I I I , I ~ I ~ I ~ . I \  (,1:i1't,) 01 1111. l l l l . \ c l l l t  ( 011o1 t .  '1'11(,r1.11.11.1 ; I I I .  

l l l l l l  I 1 1 1 l y  s l i l l  1 ,111  1 WIIO 1t.11 1.1111)111, - 
I I I C . I I I  I I I ~ I I I C  l!JliO ~ I I I ~  ;kt (#  I C I I I I ~ ~ C I I ~ ; I I ~ ~ ~ ~  I I I I I ~  of I , I ~ B ~ I I I ~ .  
I I O I I  W O I ~ C I \  C I I I { I ~ O V C ~  I J ~ ~ I I I I ~  l ! l ~ O . ~ I ' e x ~ - f i g ~ ~ ~ c ~  I \ I I I I W ,  
I I I C  ~ I ~ ~ I ~ I J ~ I I ~ [ J I I  I I ~  t l ~ e  111cdian i1ri11(- cai1111iu111 l ( , v t~ l> ,  
'l'11(,>1, 11ri11r lc~vcls st~gg'st ;I higl~ly c-xl~ose(l ~ I ~ I ~ I I I ~ ~ I I ~ ~ I I I ,  

' l . l ~ v y  p r~~v i i l e  an incIcx xroup exposure but C:IIIII<II 111. 

~ ~ r t . ( l  10 I I I C ~ I S L I ~ C .  individ~li~l CSI )OSI I~P  because 01 1111. s l ~ ~ x l l  
I I L I I I I ~ J ( ' I  01 samples for most workers (1nrdi;111 i 2 
s . I ~ I ~ I I ( . s / ~ ~ ~ ' ~ s < > I ~ ;  r;ulge, 0-79). 

Fr\v 1 1 t  arc available o n  exposures otl1c.r t11i111 

t i~dlniurn at the smelter. Small quantities of l ~ i ~ l ~ . l ) ~ ~ l i i ! .  
lead, arsenic. thallium, and indium are produced sl,c)r;ccl. 
imlly by a few individi~als in separate buildir~gs. S o ~ m  
arsvnic is evolved during cad~niurn rerovery. An indur- 
tri;~l hygiene survey conducted by NIOSEI in 19i3 found 
0.3 :!lid 1 . 1  pg arsenic/nlY in the pre-melt drp;t~i~nc.nt 
a r ~ d  1 . 4  pg a t s e r ~ i c / m ~  in the retor1 t lepar tmr~~t  ( I  ). 'I'I1rr1. 
le\.els arc substantially below the current OSH.4 10 
pS/'~~1' PEL time-weighted average. 

METHODS 

'I.lie r ~ u d y  popula~ion  was d e f i ~ ~ e d  f ~ o ~ n  r~;l~)lo!nirnt 
l~istories as recorded in the company pe r son~~r l  f i lc~.  
l 'hesc recolds consist of a card for earl1 em~~lo)c t~ , ;  
s l~o\ \ ,  tile name, date of birth, social security 1111: ,# 
(since 1937). d;rte of tunployment, date(s) of i n t e r r ~ ~ p t ~ o n  
o l  employment, and, i l l  most cases. drpar~lncnt  ~ J I  

g c~~r . r ;~ l  wvrk area [or each period of rmpl<~yn~rn l .  'Ill(. 
r r co~ds  iticludcd retired ;lnd detcasc%l ;IS \r.rll :IS i ~ c ~ i \ r  
cvnl>loyces. I r e  enumerated all l lou~ly rn~l,lo\vt-.i ; I I I ~  

filrrmen w l ~ o  had worked a minimum of 6 r n o ~ ~ t l ~ r  in ;I 

prod~rction area of the plant belrveen January 1 ,  19.10, 
: I I I ~  Lkce~nber 31, 19G9. T h e  rerluire~ne~lt of protluctic~n. 
art.;l employment excludrd several guarrls, office !rorkcrs, 
a11tl oflice area janitors who h;~tl brer~ includcil i l l  ~ l l e  
L.(.nien et al. study (1 ). \Ye ;~lsr) inrludrd produt lion :III,;I 

Iorrmen and a ,lumber of lilborers \vlli)se rcsro~lls l1:11l 
 bee^^ missing or  whose cmployrne~~t  histories hat1 Ircrn 
itlaccurately recordetl and who thus Ilnd been o~nittrcl 
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has yet been located were assumed dead on the date 
specified by the reporting agency, with cause of death 
unknown. Persons lost to follow-up were assumed to be 
alive-which might possibly result in overestimation of 
cause-specific expected deaths. 

The  mortality experience of the cohort was analyzed 

I 
with the use of a modified life-table system developed by 
NIOSH (25). In this system, a worker accumulates PYAR 
upon completion of the eligibility period (in this study, 
at 6 months of employment). The  PYAR are specific for 
5-year age groups, calendar periods, and years since first 
employment (latency). An expected number of deaths is 
calculated by multiplying U.S. white maledeath rates by 
the corresponding age and calendar-year PYAR cate- 
gories. T h e  resulting quantities are summed over all ages 
and years to obtain the total expected numbers. T h e  
observed numbers of cause-specific deaths are compared 
with the numbers expected. The  ratio of observed-to- 
expected deaths multiplied by 100 is expressed as the 
SMR. 

In the initial analysis, in which mortality in the 
cadmium workers was compared to that of the general 
U.S. white male population, the causes for which excess 
mortality or morbidity were observed in previous studies 
of cadmium workers were considered a priori to be of 
particular interest. Those of central concern included 
deaths from prostate and lung cancers (1, 20) and from 
nonmalignant respiratory and renal diseases (6, 15, 16). 
Other conditions for which a priori concern has been 
raised include hypertension (6,26) and renal cancer (27). 
Monality from NMGID also was examined because of 
the acute gastrointestinal toxicity of cadmium and 
because of reports of chronic gastritis and gastrointestinal 
ulceration (28-30). Although in each case cadmium is 
suspected of causing an excess of mortality, we present 
95% CI, corresponding to a two-sided alpha level of 0.05, 
throughout this paper. b3'here the 95% Ci includes the 
null but the 90% does not, we present both. CI were 

from the Lemen cohort. NIOSH identified the cohort 
jointly with a representative from the company and 
reviewed the list with senior union officials. 

For each worker, cumulative exposure to cadmium was 
calculated according to length of employment and jobs 
within the plant. Because many of the personnel records 
specified general work categories rather than single 
iepartments, we categorized each period of a worker's 
,mployment into one of 7 broad job categories; e.g., C 
category 1 included production work in any of 6 "highv- 
exposure departments, including sampling, roasting and 
bag house, mixing, calcine, foundry, and retort. Category 
2 included production work in the solution; tank house. 
and pigment departments. T h e  average exposure to 
airborne cadmium for each of these composite categories 
was calculated on the basis of the industrial hygiene data 
in table 1 (?3), with each department contributing to a 
weighted average according to the proportion of workers 
usually employed there. Each worker's cumulative expo- 
sure over time was computed as the sum of the number of 
days worked in a given job category multiplied by the 
average inhalation exposure of that category for the 
relevant time period. Cumulative exposure was expressed 

, in milligram days per cubic meter (mg-days/mf). 
T h e  vital status of all workers in the cohort was 

determined as of December 31, 1978. Follow-up pro- 
cedures used the records of the Social Security Administra- 

Jh'Cl. \'01.. 71. NO. 2. FEHRIII\KY IW5 
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tion, of the state vital statis~ics offices, and of the 
company and union and direct telephoning. Death 
certificates were obtained for persons known t o  be 
deceased and were coded by a qualified nosologist 
according to the protocol of the ICD revision in effect at 
the time of death. The  codes were subsequently converted 

ito the seventh revision codes for the analysis (25). Under 
the rules of this and subsequent revisions, cancer is coded 
as the underlying cause of death if the immediate cause of 
death is "unmistakably a direct sequel of" the malignant 
disease. Deceased workers for whom no death certificate 
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ci~lc:~~l;~tc*d witli lhc  use (11 Fi\llcl'> <.S;I'I ( : I  ~ i l  < . i r 1 1 1  I 1111. 

o I~b~*rvrd  11rcxpectrc1 \\,;IS less tIii111 I[) ,  01 ; I ~ > ~ ~ I \ > \ ~ I I I , I I I , ( : ~  

(if ob\c~rvcul v r c x l ~ c c t r d  f~rqucricics r%,c,c  I o t , ~  I I I S ~ I ~ ~ I I ~ I  I. 
Fol sclectetl ca1lsc.s of dealti we ex;~~iiinc~cl In~~! : .~ l i i ) .  in 

rc)lation to c ~ ~ m u l a t i v t ~  exposute to I ~ ~ ~ I I I ~ I I I I I .  1.111 51111. 

g rouf )  com11arisons we used the dirrt t ly ~1.111da111irrcl 
SKK a s  the measure of effect (32) .  To conillri1r I I I I ~ .  t11r 
age-slwcilic a n d  calendar tinic.-s~>c.~ 1111 r ;~t r$  of tlic, 
sulq?,ro~rp were niultiplied by  lie c o r r ~ ~ s ~ ~ ~ > n c l i n g  I'j';\K 
cells e l f  tlie statt~lard l > o ~ > ~ ~ l a t i o ~ i - l i c ~ ~ ( ~  11i(, l'\'Al< 1 1 i h t 1 i -  

I ~ n t i o ~ i  of tlic o\,erall c;ldmium c o l ~ o ~ t .  'l'lir I ( * \ ~ I I I s  \vt,rr 
summed to  yield the expected ~ i u ~ n l ~ r r  ol  ~ lea lhs  t l i n ~  
would occur in  the overall collort were tlic latch of tlir 
subgroup  10 apply.  T l i i s  ~ o t a l  nulnlrer 111 rs])t.ctvd (lcaths 
was divided by (lie total number of PYAR i.1 tlir 11\er;1ll 
cr~liort  to yield a d i rec~ ly  standardiretl iilortalit\ l i~te .  1'11~ 
r:ttio of th is  ratc to  tlii, sta~idardi?.~cl ~ i ~ t v  lo1 t l i ( ,  . I V I T ~ I I  
c o l ~ ~ ~ r t ,  if  U.S .  age, sex, race, ~ I I < I  ~ a l ~ ~ ~ i c l a r . ~ ~ ~ ~ ~ ~ ~ ~ ~ l  ri110 
applied,  yielded the SRR.  

T o  analyze mortality by curnulati \r  r s l x ~ b i ~ ~ t . .  wc c l~ose  
tllr exposure categories a priori, or1 1I1r l i : ~ r i b  I I ~  urlcnt 01 

proposed regulatory s ~ a n d a r d s  a n d  r i l l  llir ; ~ s s ~ ~ ~ t i j ) t i < ~ l l  
tliat such standards are intended to 1)rott.ct :I 1. O I L C I  tn1.r 
a .IO.yt,i~r w o ~ k i ~ ~ g  lilttim'; r . s . .  .lo \ W I ~ '  V \ ~ O \ I I I ~ ,  111 

cadmium a t  o r  belo\\. the currerit NIOSil  ~>roj~osccl l ' \ \ 'h 
of .10 pl;/ml would result in  a curnulat i \ r  rs1111sinr of 1111 

to 584 mg-days/m5. Forty years' rs l>r~surc  to c;~dmiurri at  
levels above the  c u r r m l  NlOSH T IVA,  but withi11 11ir 

I l i l l t l l l  I 200 pg 111 '  I . .  \ l l I l  1 1 , 1 1 1 1  111  .1 

< 1 1 t ~ , : l / . t 1 1 \ 1 ~  I ~ S ~ l I ~ \ I I I I ~  0 1  111)  lo (?.!)"I l l l ~ , I . , \ *  1 1 1 ' .  

RESULTS 

I \ I I ; I I I \ I ~ I I I  1111, r l l l . ~ l l  l l i 1 1 1 1 ~ ~ ~ 1  01 1 1 t 1 1 1 \ v l l i l r b  ;111<1 f ~ ~ 1 1 1 . 1 1 ~ ~ \  

I IOI: I I= 13) i l l  I I I ~ ,  C I I I I < I I I ,  rvr ~ i ~ s t ~ i ~ ~ t e ~ l  I I I C  ;11 i ; l lyh i5  10 lllr 
t i l l?  w I ~ i t ~ *  III;I~CS. ~ l~ i10Ic~  2 sllows 111e vital b t i i t~~s  01 I I I ( . ~ I ,  
\ \ . o ~ k t \ ,  11s dur;~lioll  of e ~ n p l o y n l e ~ ~ l ,  a s  of llccembrr 31. 
I!riti Of ~lic,sr ,  ,111 wrrc alive, 179 wcre dratl, a11d I? 
t2,O"L) I i ; d  U I I ~ I I O ~ I ~  \ ital S~:I~LIS;  43% 11;1d bee11 e11il~Io)c11 
l < > l  I < %  1l1;111 2 y t i l l b .  

'l't,xt-1is11rc 2 sli~)ivs t11e cIistri1)11tio11 of t11e coI111rt I J ~  
\V;II  c ~ 1 '  firs1 e r n p l ~ y ~ i i ~ ~ i t .  TWO-lllirds 01 the i~~cl ividuals  
1i:1d pt:~rteei work before 19.19 a n d  t l i ~ t s  could bc followed 
I ~ c * ) ~ ~ l i t f  30 years. NcJrly 8346 liad over 20 years l ~ f  

flill0w.up. 
Table  3 conlpares llle nurnber 01 cause-specific draths  

anion!: the overall r o l ~ o r t  witli the tiumber exptcted, 
11;lsrd o n  U.S. rates. A deficit was observed in  mortalit! 
fro111 all C J I I S ~ S  (ShlR=95: 95% CI=81-IIO),  due  to  a 
dvlicil in diseases of tlie circulatory system (SMK=65; 
!I546 Cl=19-85). Significa~itly inrreascd m o r t a l i ~ y  was 
obsrrved for respiratory cancer and NMGID. T h e  excess 
of ~ i o n ~ i i a l i ~ ~ i a r i t  respiratory disease was not statistically 
s i g n i l i r ~ n r  in  tlie overall coliort. 

T w e ~ i ~ y  deatlis v e r c  due  to respiralor). cancrr, all 
; ~ r n o ~ i g  workers \villi over 2 years' en~ployriient and all 
clue to raricers or tlie lung, trachea, and bionrlius.  
Expected deaths were 11.43 ill this inore specific s u l g r o ~ ~ p  
(I(;I) code 162-163). which was subsecluenlly called i~~ng': ,  
c;tncrr. 7'wo of the deaths from l u ~ i g  cancer \\.ere iliitiall!. 
~nisc(~t led a s  being clue to otlier causes. 1n;lsrnucIi as tltr 
ilnmrdiatc causcs of tliesc 2 dc;itlis \+,err untnistakably 
d i ~ c c t  sequels o l  lnalignant condi t io~is .  tlir deaths \\,rlc 
r r r ~ ~ d e d  to l u n g  cancer ill accorri;~nce witli tlie rules of l l ~ e  
ICI) Seve~itl i  Revision. Analysis iliac escluded t l ~ c s e c a s c ~  
yielded a n  SMR for l u n g  cancer of 167 (18 Obs  v5. l1:13 
K x ~ J ;  95% CI=93-249; 90% CI=102-231). 

~ 1 ~ b ~ I ~ l ~ l ~ ~ l ' ~ b  ~ . - C : ~ X I ~ L ~ I , ~ I ~ \ ~ ~  cii\~r~lxt!i~~~t 1,) \,,,I, < > I  100 
li t51 rml,loy#nrnl lor r;ttlniiun> prndurtt,,!t \rcltLcrs 
i t t c l c ~ ~ l c ~ l  art  coltort. 20 yrs, of follow-up (825401 

Cumulative 60 

40 percent i 

Year 01 Firrl Ernployn>cnl 
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~: I~~II I~I~II I .  0 1 1 1 )  I I I I , ~ ) ~ I ~  \ s t t l l ~ . t ~  l111111 0 1 1  01 .IIIII ,I.IIII:.II\ 
1 .  1!1"11. ;I!,. 1111 IIIIIILI Il l 1 1 1 1  .1 111.11,\1., 1.11111: 1 . 1 1 1 , 1 ~ 1  

IIIOIII.I~II) 1111 i<.,tr~.i l  \\ 1 1 1 1  IIII I I  .I..III:: I OIIIII~.III\C, i.\IIonl!l, 
10 III~~III~I~III, ,III(I 1111, 1 1 1 1 1 1 1  !,.,I. .~~,)~:II(.III 00111 111 111,. 

SI<I( it1111 1 1 1 1  S \ I I< .  ;\ \ I I I I~~ : I I  l , 1 1 1 1 1 1 1  !<. I  ~ 1 . 1 1  \v111,11 1111, 

; 111 ;1 lp i \  tvit, II,\II~,I~,,I I,, \$C!IL, I \  \\IIII 20  #) I  III~III, \<,;II> 

~ ~ I I , I . I ~ I > I  I ~ ~ ~ I ~ ~ ~ I I I I ~ . ' I ' I I ~ ~ I ~ ~ ~ I C ~ ~ ~ ~ ~ D I I  \ I<~I)<~IOI 1111~5 l< l<  1 0 1  
11111g i;lllll~I (liilll,. .!,I ),.I, 7.:i:l>.lll ; ( l '= .ooo l l .  'l'lll, 
i,uci.>r I I I I  1 1 1 ~ 1 1 1  1 1 1 1 1 ~  1;11111.1 tv;~> ~ ~ ; ~ t i b ~ i c : ~ I l y  
sig11ili<;1111 IIIII). 1 c 1 1  tilt, ~II;IIIIIII 1 1 1  \voI~(.I> tv11<1s<. 
(.III~III~;II~~I. I.SI)II\III<. III (~I~III~IIIII i.s(ee(li.iI 2.!)20 111g- 
I~~I~S/ I I I " ,  1111. l c \ e l  <OII<~\I~~IIII~~II!: I C B  ;I .lO.yt\t~ I~XIII)~IIIL~ 

;~bi)\r~ 1111. I IIIII.III OSl l : \  li111i1 I!),?)";, (:I 1111 1111. S; \ IR= 
113-1117). 111 ;I WI).II;I~<, ;111;1l\>i> 111ot ~IIII\VIIJ. t v o ~ k r r s  
WIIC)SVI 111n111;11ivc I~SIIII>IIII~ I,, ( b ~ d ~ ~ ~ i ~ ~ ~ ~ ~  1;111xec1 IIOIII 293 
t o  58.1 III*I~~I~S/III" b l ~ o \ v v ~ l  ~III SMl<  f tn  IIIII~ (.;inter o f  
100 ~IIICI ;III S R K  f O . I .  I l ~ i  level of r i ~ ~ n u l a t i v c  

CSIIIISIIIC is  v q i t i v ; i I ~ ~ ~ ~ t  111 10 y L i 1 b '  < , s l~ i ) s~ t re  lo ;~ i rbor~~t ,  
c:i~cl~niu~n ;it levels III~I\VI.~II 21 ;III~ 1 0  u g / ~ ~ ~ " .  In c o ~ ~ t r : l s t  
t o  i ~ b  r v l i ~ ~ i i ~ n s l ~ i ~ ~  tvi111 I IIIIIII~:II~YC esposure, the tbxcess 
14 IIIII~ (,;III<~I IIIIIII~I~~I\, di,l II~I III<II>;I~ wit11 II,II:III o f  
I,III~J~I>~I~I~*III IJI~JIIII 2 ~I..II>. \SO:LI*I 5 e111~~1oy~~ iJ  fu r  2 -9  
yeilrs. 0 -  I S  I 20  OI 1110re ) c ~ r b  a l l  s l~otvecl  
1 1 1 x i 1 1 ; 1 t i 1 y  t i e  I I I J  u f  d r a t l ~ s  I l o n ~  lung 
cnllcer a r  exl)ccierl f ~ o m  t11c 1:.S. ~ i ~ t c s .  

O n l y  li i l c t t l ~ s  ~IIIIII S\lC;l l)  o(< u r ~ v i l  : lmol i~ tvorkers 
l ~ i ~ e i l  b i 1 l < i 2  IC12ti. I\ st .~t is~ic ;i l ly s i g ~ ~ i l i c ; ~ ~ ~ t  iq)t\,;~rcI t r e ~ t i l  
wits e v i d e l ~ t  in t l ~ t .  SKK \\.III*II i n t ~ r l i ~ l i t y  fro111 ShlGII) 
\*.as ; ~ n ; ~ l y ~ t . < I  1)) < t l ~ n l ~ l . ~ ~ i v v  ~.\IX)*IIIC ( ~ I O ~ I C = ~ . ~ ~ X I O - ~ :  
1'=.01.1~. I I 1111. s111i1ll n u m b r r  o f  n s r s  o l  
NkTC;II), IIIVSI. I~SI~III:IICS :II~, I t , \ \  s ~ a l ) l c  III;II~ 1111)sr 1171 

l1111g c i l nc r l .  I I I  ; i i l i ~ i o ~ ~ ~ l  de;lth> floln SlIGII) 
o r c ~ ~ r r c d  a l n ( ~ l ~ g  111r 2t i  tv111kr15 I ~ i ~ c l l  b r f o re  1'306. I f  
a rbe l~ i c  WCIC ~IIIICI;I~C~~I IU Sll(;ll), IIIIW clc,i1tl13 tv(x11iI 
i i i ~ r ~ s r  I I I I I~I~,~ I J I  i l l o r ~ i ~ l i l y  ill ~111. II~sII- 
( s x [ ~ o > t ~ r c ,  IIII~~.I~IIII <,III~~O\III?II~ S I I ~ J ~ ~ O I I ~ .  

A s i rn i l i l r  ;~na lys is  < l r ; ~ t l ~s  f r o m  II~III~;II~~II;III~ 
r r s l ~ i r a t o r y  disease \\.;IS not ~ x . r f ( ~ r m c d ,  i n a s ~ n u c l ~  as t l ~ i s  
stu i ly  Iout~d 110 sigt t i f ic :~nt  escrss o f  t lcat l ls Iron1 t h i s  
r a i ~ . s ~ ~ c i t l ~ c r  i t 1  IIIL-<)I~c~;III u ~ l ~ o r t  or ~IIIIOIIS ~v<)r!icrs 1vi111 
2 ol l1111le yr;llb o f  r1nploy1n1.111. ,111 ~ ~ s c e s s  o f  ( lealhs in  
t l ~ i s  ~ t l ( > g i ~ r y  \v;15 ;I~~I;I~~III. I~ t ) tv t~ver ,  ;II~<III~ \vorkc*rs 
e11111Ioye(l lor ti  1no1i111s 11) 2 y t x r s  (OI)s=U; F.s~I=~.!?; 

I' 58.1 1.111 pl:i!$l' i.llll;l 2 :!1111 I.< 
?,85-2,!1211 .11-2tlIl :,,s"- ..,> I I12 1 1 1  

?L.!u 1 ? ~ ~ ~ ( ~  P K  11) 221.1 2 2 II:! 
U S .  whitr malcr - -. 10(1 11111  -- 

"'rl lc 'r\\'A t1,slt i lvibr :I 4tI.yr ! vo rk i n~  I ~ l c i ~ ! r ~ c  u o u l ~ l  rv.ui1 i n  
thc imlic;~lr<l C.IIIIIII~IL~~V~ CSIIIJSLII.L.. 

SMR=249;  95"; C:I=108-.191). 011c o f  t l ~ c s ~ ~  d e a ~ l l \  \\.a> 
au r i bu tab le  10 silicosis. 

DISCUSSION 

Tllr f i n d i l l g s o f  p r i n c i p a l  i l~ tc r t .s t  ill t l ~ i s  s t ~ l ~ l y  \\,clc. tllr 
i n c r ~ ~ ~ s e i l  tnort; t l i ty l r o ~ r ~  ILIII~ C;III<CI ;IIII~II~ ivorkers 
1 i 1 1 o i  f 2 or m o r e  !c.;lrb :IIICI IIIC ~ I J S ? - I ~ ~ ~ ~ ~ ~ ~ I I ~ L ~  

r i ~ l a t i o ~ ~ s l ~ i ~  b c t w e r n  l u n g  c;lncet mot ta l i cy  2 n d  r ilrnu- 
1atir.e exposurcv t o  c a d ~ n i u m .  TIIV excess o f  i n a l i g n a n t  
resp i ra to ry  disease, no ted  1~rev i i )ub ly  ill t l l i *  c o l ~ o r t  b y  
1.rlnt.n et al.  ( I ) ,  II:IS c o n t i n i ~ e t l  i l u r i l ~ g  t l l c  esp ;~n ( l v i l  
o l ~ s e r v ; ~ t i o l ~  per iod .  E i g l ~ t  III.\V dc1111s fto111 l u ~ l g  cancr l  
11:1ve bei.11 i d i ' l ~ ~ i f i e d .  1'111. <.\c~.ss d < . i ~ t l ~ s  fro111 i r \ l , i r i ~ -  
~III). ra l i cer  among t w t k c r s  wil l1 2 01 ~ I O I ~  y<,;b15 o f  
e ~ n ~ ~ l c ~ y n ~ e ~ i t  c o n t i n i ~ e s  to  IJC: s t a ~ i s t i r d l l y  s i g n i f i c ; ~ ~ ~ ~  IIIC~V.; 

n1si,s=8; 1:sp=2.91: S\lR=!?i!!: !).?'A (:I = 1 17-536).  fur.^' 
~ l ~ e r r n o r c ,  bc,cause n a t i o ~ l a l  d i , i ~ t h  I;III.> l o r  I ~ ~ I I I ~ ~ O I )  

tanccr  o v c r ~ s t i m a l e  r e g i o ~ l ; ~ l  ( S ~ i l l e  I (:oIorad~) a11<1 
1)rllvi.r Count).) rates by  10-'?in;, (7 .1 ) .  t l l r  ~ n c ~ ; ~ r t i ~ t . < l  <.hit.*\ 

o f  IIIIIS GIIICC~ iIe;~tlis a11li111g IOIISCI-te1111 ~,IIIIJIII\IY\ 
p r o b ; ~ b l y  u ~ ~ d e r e s ~ i t n ; ~ t c s  t l t r  a< tu i l l  i ~ ~ ( ~ i . i l v ~ .  

T h e  o b s r r v r d  esr rss  of d e n t l ~ s  f1o111 r r b l ~ i ~ a f o r y  I:III< 1.1 

c o u l d  b e  d u e  IO a true f i ~us ;~ l  r e l a t i o n > l ~ i p  11vt\vvc11 
c a d ~ n i u r n  a n d  lung cancer, t o  b ias  (111e efftart o f  ~II~COII- 

t r o l l r d  c o n f o u n d i ~ t ~ ) .  or to c l ~ a r ~ c e .  C:igaretle s n l u k i ~ r g  
and r s p o s u r c  t o  : ~ r \ e l ~ i c  are t~\~11t~st1;111ri1~1s f;~, lo rs  \\.l~iil~. 
i f  u ~ ~ c i r n t r o l l e d  ill tlre ;~n;~lysis, cr1111cl esl,l;~in 111,. 111111- 

i l lgs.  A l t l ~ o u g I ~  l l ~ c  t o b a c ~ o  s t n o k i l ~ g  11al1i1s of tllest. 
' c a d m i u m  workers  \>,ere n o t  rc rordcr i  at  tile t i ~ n e  I J ~  

emp loymen t ,  c o m p a n y  re l ) r c *s r~~ ta t i v r s  did c o l l c ~  1 i l l fo r .  
111;tli11n on past t o l ~ a c c o  use 11) rn i~ i l i~ lg  a c l u e s ~ i ~ ~ ~ ~ ~ ; ~ i r ~  lo 
~ n r l i ~ l ~ e ~ s  o f  l l l c  cclllorr in I ( 5 )  I n t r r v i c t v \  w i l l 1  
; ~ l ) l ~ o r i r n a t l * l y  70"; of s u r v i v ~ ~ ~ s  o r  IIVXI o f  k i l l  \ I~otvecl  
111;1t 77.5% l l f  1110s~ tvll~~tll ill~~~llll~llil~ll ,,,as ~;lllli~rl~il 
\\'I,!<- I~II~~I~II~ or l < ~ r n ~ e r  \IIIO~I.IS. ' l ' l ~ i s  II~~*V;I~I~III.I~ o f  "~.VI,I 

SIIIII~V~~" ~ c w n ~ b l r s  1111- 72.!)'';, ~II<~V;II~~II(.(, IIOIIYI ;III)OII~ 

L1.S. w l ~ i l t *  ~ n a l r b ,  a g ~  2fJ or ~ j v t , ~ ,  ~ I I  I I I ~  1965 I l l $  (U, I .  
'1.11~ l 9 f j 5  1~11s is  II~III~IIS III~, I)vst > o u r ~ e ' o f  ~II~<,II~;II~OII 

1111 1111, s m i ~ k i l l g  II;I~I~I\ t ~ f  IIIC g(.11c.1';11 i ~ o l n ~ l ; ~ t i o l ~  ( 1 ~ 1 1 1 1 1 :  

I l l l l r v l l i i l l l  111.ritlil o f  llli\ \11111y. 1 1 1 1  1111. IO l i i  
>III~I.\ II:II:I, OIII.I;III I.\I~III;II~ III~~c-IIcY I III.II <I~\~IIO~)OII~~,II. 
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1 1  S I I O W  t l~a t  I :III ; I S S I I I ~ I ( . ~  (Ioul~ling 01 llir 
~ n o ~ x ~ r t i o ~ ~  tR  Ir(:avy S I I I O ~ C ~ S  will Irav~: only a small r1frct 

(, r :~t r  ratio lor I I I I I ~  ( . :IIICC~; tt.g.. i f  40% of 111(, :'q tnn workers sn~okt~tl 1n11rc. t11;11i 25 cigarettrs/(l;~y, 
r o ~  , ; ~ ~ e d  to 20% of tlie I'J(i.5 white ~nitle g e n r ~ a l  
~)opulation, the ratr ratio would inrrense only 1.2.5-fold. . , I hus cigarette smoking alone is unlikely to account for 
tlie twofold-to-threefold increase in deaths from lung 
cancer observed among workers in this cohort who had 
had 2 or more years of employment. 

Subs~antial and widespread arsenic exposure occurred 
prior to 1926 when the plant operated as an  arsenic 
smelter. The  rate of lung cancer mortality among the 26 
workers employed before 1926 was nearly six times the 
U.S. rates. Even after 1925, a small and unspecified 
number of workers occasionally processed arsenic in one 
area of the plant. This was an  intermittent operation, 
apparently staffed by workers from the roasting area, and 
lasted into the 1930's. A second and continuing source of 
exposure involved workers in the sampling, mixing, 
roasting, and calcine furnace areas of the plant who were 
exposed to arsenic contamination from the incoming 
feed material. Only six industrial hygiene measurements 
were made in these areas before 1975. In 1950, airborne 
arsenic concentrations ranged from 300 to 700 pg/m3 
near the roasting and calcine furnaces, the areas of 
highest exposure. Measurements by the company and 
OSHA in 1979 show that arsenic exposures in these areas 
had decreased to about 100 pg/m3. Although air levels of 

in this confined area were still 10 times higher 
the legal OSHA threshold limit value of 10 pg/m3, 

al personal exposures were lower due to respirator 
tijape. One can estimate the number of lung cancer 
deaths potentially attributable to arsenic by assuming a )  
an average airborne arsenic exposure of 500 pg/m3 in the 
"high-arsenic" work areas during the years of this study, 
6) a respirator protection factor of 75% (similar to that 
assumed for cadmium), and c )  an estimated 20% of PY of 
exposure spent in high-arsenic jobs, an  estimate based on 
personnel and biologic monitoring data. On the basis of 
these assumptions, the average airborne arsenic exposure 
of persons i n  this study would have been 25 pg/m3. 
Inasmuch as the 576 workers hired after 1926 were 
employed an average of 3 years, they acquired 1,728 PY of 
exposure to 25 pg/m3. Such an exposure should result in 
no more than 0.77 lung cancers, on  the basis of a risk 
assessment model for arsenic developed by the OSHA 
(39 ). 

Although the estimate of an  average air exposure to 
nrsenic of 25 Clg/m3 rests on several assumptions, i t  is 
more !ikely to overestimate than to underestimate actual 
exposures. Only a fraction of jobs in the high-arsenic 
areas involved exposures as high as those of the furnace 
areas. High-exposure jobs in the roaster area were 
frequently staffed by entry-level workers, many of whom 
worked less than 6 months. These very short-term 

with brief but high exposure were excluded from 
mortality study, yet they were included in our 

nate of 20% c ~ f  PY of exposure spent in high-arsenic 
jobs. In addition, urinary arsenic levels measured 11n 

\vo~hers in I I ; r s ~  r f r o  I I I!)XO 
avt,ragctl 0111) . I ~ I  pgtlitcr, a lrvrl cvnsis t r~~t  ,will) ;III 

;lvt.rage inh;~led ctrsrnic c . o n c ( . r i ~ r ; ~ ~ i ~ ~ ~ l  c11 1.1 pg,'r~~' (40 ) .  
.I'l~us the ;~ssunll~tioci of art ;lvcr;igc i r ~ l ~ ; ~ l ( v I  cnc~c<~nt ra t io~~  
1 125 p p i n "  (25% of 500 pg/ln" over tlrese years 

J 
overestimates the actual expost~res by ninefold, more 
than cotnpensating for the unquantified higher exposures 
during the early years. Arsenic alone does not appear to 
explain the observed excess of deaths from lung cancer. 

T h e  central finding of the study was the observed dose- 
response relationship between mortality from lung cancer 

l 
and cumulative exposure to cadmium. Previous epide- 
miologic studies of cadmium workers lrave had insuffi- 
cient industrial hygiene data to estimate cumulative 
exposure. The  strong dose-response pattern observed in 
this study is consistent with a causal relationship 
between cadmium and lung cancer. It also suggests that 
the current OSHA occupational standard, limitingexpo- 
sure to cadmium dust to 200 pg/m3, is inadequate to 
protect workers over a 40-year working lifetime. Workers 
whose cumulative exposure was below the 40-year equiva- 
lent of the NIOSH-recommended TWA of 40 pg/mS 
showed no excess of lung cancer deaths, whereas workers 
whose cumulative exposure was within the current 
OSHA limit but above the NlOSH recommended limit 
showed a 50% excess in lung cancer deaths. 

T h e  potential role of cadmium as a pulmonary 
carcinogen has gained biologic plausibility because of 
the experimental induction of lung cancer in rats 
exposed to cadmium chloride aerosol (22). Epidemiologic 
studies of mortality among cadmium workers in England 
and Sweden have, however, shown conflicting results. 
Sorahan and Waterhouse (18) found a statistically signifi- 
cant excess of deaths from respiratory cancer (Obsz89; 
Exp=70.2; SMR"127; 90% CI=106-151) in a cohort o f  
3,025 English nickel-cadmium battery workers. A subset 
of these workers had been included in the earlier studies 
of Potts (2) and Kipling and Waterhouse (3). Although 

I 
the authors observed a positive association between death 
from respiratory cancer and cumulative duration of 
employment in jobs with high or moderate exposure to 
cadmium, they noted that these workers also were 
exposed potentially to oxyacetylene welding fumes and 
to nickel hydroxide dust. Holden (17 )  found a statistically 
significant excess of deaths from respiratory cancer 
(Obs=36; Exp=26.06; SMR= 138; 95% CI= 108-339) and 
from prostate cancer (Obs=8; Expz3.00; SMR=267; 
90% CI=115-525) among 624 cadmium "vicinity" work- 
ers but not among 347 workers employed directly in 
manufacturing cadmium copper alloys. The  vicinity 
workers were also exposed to arsenic. 

Armstrong and Kazantzis (19) ,  excluding the cohorts 
studied by Sorahan and Waterhouse (18) and Holden 
(17) ,  recently described mortality among workers enrolled 
in the registry of English cadmium workers. A small, 
statistically insignificant excess of deaths from respiratory 

I 
cancer was evident in the overall cohort (Obs=199; 
Ex1~185.6:  S;\.IR=107; 95% CI=92-122). This marginal 
excess is consistent with ihe results in our study, 
inasmuch as most of the workers in tlie Armstrongcohort 

I 
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e 
The construction of life tables is described in detail by Chiang (1984). 

The abridged life table uses age intervals larger than one year (in this 

case, five-year age intervals). The data collected from vital statistics 

are : 

m - annual death rate for age interval i i 

li - annual lung cancer death rate for age interval i 

The life table is constructed by calculating the following: 

(1) The probability of dying in the ith age interval, given 

survival to the beginning of that interval: 

qi - 1-exp(-5*mi) 
(2) The probability of surviving the ith age interval, given 

survival to the beginning of that interval: 

Pi - 1-qi 
(3) The cumulative probability of surviving to the beginning of 

the ith age interval: 

i-1 
ci - P1'P2'*'Pi.1 - j"- Pj 

(4) The probability of dying of lung cancer in the ith interval, 

given survival to the beginning of that interval: 

pii - (ii/mi)*qi 



(5) The unconditional probability of dying of lung 'cancer in the 

ith interval, (i.e, not conditioned on surviving to the 

beginning of the interval) is 

pai ci 

(6) The cumulative probability of dying of lung cancer through the 

end of the ith interval: 

f: cai - pi1 C1 + pP2c2 + "' + ppici- j-l PljCj 

The life table for an exposed population is constructed in an identical 

manner such that only the data for the age-specific lung cancer death rates 

are modified. (This also changes the age-specific overall death rates.) 

The lung cancer death rates (ti) for an exposed population are derived by 

adding the observed rates in an unexposed population to the excess rates 

predicted by the model. The overall death rates (mi) are obtained by adding 

the observed nonlung cancer death rates to the predicted lung cancer death 

rates. From these values, a new life table is constructed. 

The cumulative probability of a lung cancer death for the last age interval 

in an exposed population is then compared to the same probability in an 

uneGposed population. The difference between the two is the excess lung 

cancer death rate due to exposure. 



TABLE D-la 

L I F E  TAELE FOR C A L I F  MALES 
EACBG.SOUND : LUNG CAt:tER DEATHS 

A'\!tJU:!L DEATH RATE 
AGE IIITEYI'AC 
I TO I+J 

PiSURll l 'JAL CUEVLkTIVE ACNUAL L U X 0  
TO I + 4  OI5rEh' P<SUA\lICAL CASCER DEhTH 
SURVIVAL TO I? TO ACE I ?  RATE I N  (1, 1 + 4 )  

PiLUldG CANCER 
OEATH G I V E N  
S U 4 V I V A L  TO I ?  

UNCONDITIONAL 
P t L U I I G  CANCER 

C LII<'JLATI VE 
PCLLQJ': CANCER 
DEATH BY l+4> DEATH? 



TABLE D-lb 

L I F E  TABLE FOR C A L I F  FEMALES 
BACBGllOUfVO : LUWG CAKCER DEATHS 

PZSUXVIVAL CUT-.i)iATII'E At:N.JAL LU:IG 
TO I+4 O I V E N  P<SU9VIVCL CAXCER DEATH 
SURVIVAL TO I 3  TO ACE I> RATE I N  ( l s 1 + 4 )  

P<LUNG CANCER 
DEATH G l V E N  
SURVIVAL TO I 3  

UNCONDITIONAL 
P<LUFIG CANCER 
DEATH3 

- - -  

AGE ItITERI'Af- 
I TO 1+4 

PCCUtG CANCER 
DEATH 3 Y  I + 4 3  



0 3 5  AGE I 

TABLE 0-2a 

L I F E  TABLE FOR C A L I F  14At.ES - CUl lVLATlVE DOSE - :lO LAG 
CONSTfiflT EXPOSURE A T  I tJC/CUBIC METER OF C A D 3 I M  

LUNG CANCER DEATHS 

PCSVRVIVAL C U W L A T I V E  ANtJUAL L U X 0  PCLUtqG CANCER 
TO 1+4 0I'JEf.I P<SLI9VIVkL CAPCER DEATH DEATH G I V E N  
S U R V I V A L T O I >  T O A O E I >  R A T E I t J ( I . I + 4 )  S U R ' V I V A L T O I )  

UNCOtJDlTIOtIAL 
PfLUIJG CANCER 
DEATH? 

CVWihATIVE  
P fLUIO CANCER 
DEATH BY 1+4? 



TABLE D-2b 

LIFE TABLE FOR CALIF FEtWLES - CUZULATIVE DOSE - KO LAO 
CONSTANT EXP03URE AT 1 NGlCUBIC METER OF CADXlUn 

' LUNG CANCER DEATHS 

PCSURVIVAL CVKV-ATIVE ANhillAL LWIC P€LUMG CANCER 
TO I+4 GIVEN P<S?IRVIVAL CAt:CER DEATH DEATH GIVEN 
SURVIVAL m r, TO ASE I, RATE IN ( I ,  1+4) SURVIVAL TO I> 

0.986594 1.00030 0.00000000 0.00000000 
0.998792 0.98695 0.00000500 0.00002499 
0.998859 . 0.98539 0.00000300 0.00000000 
0.977212 0.98422 0.00000200 0.00000999 
0.9969ZS 0.93147 0.00000200 0.00000998 
0.996502 0. 97846 0.00000200 0.017000998 
0. 9958S5 0.97494 0.0@001500 0.000074E5 

AN\1VAL DEATH RATt UNCOtJDITIONAL 
PCLUNG CANCER 

CUHlLATIVE 
PCLWG CANCER 
DEI\TH ZY 1+4> 

AGE 

DEATH) 



TABLE 0-3a 

L I F E  TADLE FOR C A L I F  tWLES - CUIWLATIVE DOSE - NO LAG 
C0NSTANT EXPOSURE AT 1 NG/CUEIC NETER OF CAONIUt! 

UPPER CONEIOENCE L I M I T  - LUI:G CANCER DEATHS 

AGE AWUAI- DEATH RATE 
AGE INTERL'AL 
I TO I + 4  

PCSURC'IVAL CUtfCLATI\'E ANNUAL LUNG PCLUtG CANCER 
TO I + 4  OIVEtL P€SVRVIVAL CAECER DEATH DEATH GIVEN 
SURVIVAL TO I> TO AGE I) RATE 114 (1, I+4) SURVIVAL TO I> 

UNCONDITIONAL 
PCLVNG CANCER 
DEATH) 

CUH'LATIVE 
PiLUI 'G CANCER 
DEATH BY I + 4 >  



TABLE D-3b 

LIFE TABLE FOR CACIF,FEM$LES - CCMULATIVE DOSE - F!O LAG 
COXSTANT EXPOSURE AT 1 HG/CUBIC METER OF CADDIUM 

UPPER CC.NFIDENCE L I M I T  - LUNG CANCER DEATHS 

OBS AGE Ah'rlU.4!. DEATH RATE P ISURVIVAL CUWJLLATIVE AGNOAL LUXG PILUNC CANCER UNCONDITIONAL CUf'ltAATIVE 
AGE IIITERVAI- TO I+4 GIVEN P iSURVIVAL CAPJCER DEATH DEATH GIVEN P€LUNG CANCER PCLUtG CANCER 
I TO I+4  SURVIVAL TO 1) TO AGE I> RATE I I J  (1.1+41 SURVIVAL TO I> DEATH) DEATH BY I + 4 >  



TABLE D-4a 
I 

LIFE TAZLE FOR CALIF WALES - 10 YR LAGGED CUMl 
CCXSTANT EXPOSURE A T  1 1JGICUBIC METER OF 

LUNG CANCER DEATHS 

I OD5 AGE AlJWJ.+!. DEATH R k T C  P i S U R V l V A L  C U W L A T I V E  ANNUAL LU:tG 
AGE INTER\'AI- TO  I+4 G I V E N  PCS'J3VIVhL Ch* iER  DEATH 
I TO I + 4  S U R V I V A L  TO I ?  TO AGE I ?  R A T E  I N  ( I .  I + 4 )  

J L A T I V E  DOSE 
CAD?1IU:4 

DEATH) 

0. OOVOOOO 
0. 0 ~ J 0 0 0 0 0  
0.03CJOOOO 
0.0000000 
0 . 0 0 0 0 @ 0 0  
0. 0000000 
0. 00430746 
O . O C 0 1 7 9 0  



TABLE D-4b 

CALIF FEIIACES - 10 YR LAGGED CUfiULATIVE DOSE 
EXPOSURE AT I I iG/CUQIC METER OF CAO?iIUtl 

LUNG CANCER DEATHS 

L I F E  TkDLE FOR 
Ca<sTAh'r 

Cl i l<LLATIVE 
P i LLW0 CANCER 
DEATH BY I i 4 )  

ACE Ah'nlUAl- DEATH RATE 
AGE IIJTEHVlrl- 
I TO 1+4 

P iSVRVIVAL 
TO I + 4  C l V E N  
SURVIVAL TO I> 

CUKVCATIVE ANNVAL LUXG P<LUNG CANCER 
P iSURVIVAL CANCER DEATH DEATH GIVEN 
TO AOE I >  RATE I:4 (1. 1+4) SURVIVAL TO 1) 

1. OOC23 0.00000000 0.00000000 

P<LUXG CANCER 
DEATH) 



TECHNICAL SUPPORT DOCUMENT 

REPORT TO THE A I R  RESOURCES BOARD 
ON CADMIUM 

PART C - P U B L I C  COMMENTS AND RESPONSES 

D e c e m b e r  1986 





Southern CaNfornia Edison Compsny 
P 0 801 800 

2244 W A L N U T  G R O V E  AVENUC 

R O S E H E L D  C A L I f O l ( N l h  Ol77C 

E D W A R D  J F A E D E R  PI D 
W , * A G C I  OI ~ * , ~ D * * I N . L L  arrm.roo*r 

J a n u a r y  2 1 ,  1986 

M r .  Wil l iam V .  Loscutoff ,  Chief 
Toxic P o l l u t a n t s  Branch 
A i r  Resources  Board 
A t t e n t i o n :  Cadmium 
P. 0. Box 2815 
Sacramento, C a l i f o r n i a  95812 

Dear M r .  Loscutoff :  1 

SUBJECT: D r a f t  Report t o  t h e  S c i e n t i f i c  2eview Panel  on Cadmium 

Soxthern  C z l i f o r n i a  Edison Conpany hes  reviewed t h e  draft 
docunenc e n t i t i e d  "Report t o  t h e  S c i e n t i f i c  Review Panel  on 
Ca5rnium9* and would l i k e  t o  s u k i ~ i t ' . t h e s e  brief comments on 
s e v e r a l  i a p o r t a n t  i s s u e s  which are aderessed  i n  t h i s  r e p o r t .  
The issues of  primzry concern are  t h e  cacimiun emissiorr e s t i m a t e s  
C &=om o i l - f i z e d  power p l e n t s  and t h e  methods used t o  e s t i x a t e  the 
c a r c i n o q e n f c  r i s k s  from cadmium. 

' In  a s d i t i o n  s;e would l i k e  t o  submit f o r  your in fo rmat ion  t h e  
L ~:enscri?t!:  from t h e  r e c e n t  U . S .  Environmental P r o t e c t i o n  
A5ency1s p x b l i c  hear ing  on t h e  EPh Notice of I n t e n t  t o  List .  
Czdmium Un?er Sec t ion  1 1 2  of t h e  Clean A i r  A c t .  

EZiscn r e g r e z s  t h a t  we were unab ie  t o  nee= t h e  s t r i n g e n t  
d e a d l i n e  f o r  c o m ~ e n t  s u b m i t t e l .  Ke b e l i e v e ,  however, t h a t  t h e  
cime prcvicied f o r  pub l i c  reviec.:, whicb S.as been on t h e  o r d e r  of 
two weeks, is noc s u f f i c i e n t  t c  allcw t h e  l e v e l  c f  review an2 
c c m e n t  t h e s e  important  d o c ~ x e n t s  r e q u i r e .  

THE ABOVE t1EtITIOl:ED ATTACHMENT O F  TRANSCRIPTS OF EPA HEARING 
ON N O T I C E  OF I I ITE I *T  TD L I S T  C A D t l l U f l  UNDER S E C T I O i i  112 OF THE 
CLEAN A I R  ACT CAI: BE FOUND AS APPENDIX  F OF COt'ilENTS FROI'. T t lE  
CADMIUt4 COUNCIL. 

I 



EMISSION ESTIMATES 
2 .  

ARB has estimated cadmium e~ission factors (lb of Cd per lb 
of fuel burned) from oil-fired power plants by taking an average 
of estimates from two studies, Taback & al. (1979) and Krishnan 
and Hellwig (1982). The estimated emission factor was then 
applied to the residual fuel oil consumption by utilities in 
1983 to obtain the emission estimate. 

Taback et al. analyzed flue gas particulate samples from oil 
fired power plants in the South Coest Air aesin. Estimates of 
cadmium emissions were made for focr of the tests. Since total 
fuel oil consumption was recorded Curing these tests, it is 
possible to calculate fuel oil concentration of cadmium. This 
data is presented in Table 1. 

TABLE 1. Cadmium Emission Estirazes Based on Stack Sampling. 
(Taback et al. 1979) 

Fuel Oil 
Exission Consurpzion 

TEST* Rate flb/hr) R a t e  flb/hr) 

Celculated 
Fuel Oil 
Concentration 

0.0457 ppm 

3 2 c 0.1 210,857 < 0.474 ppm 

3 3 2.08 209,055 G.383 ppm 

Krishnan and Hellwig (1982) h ~ v e  estimated enissions from 
residual oil-fired boilers equi~ped with various types of 
control devices. Emission estinazes are give3 in terms of 
picograms per joule of energy content in the fuel. ARB has 
assumed an energy content of fu 1 oil of 152,000 Btu/gallon 
which is equivalent to 1.6 x 10' joules/galloz. It is 
possible to calculate the concentrazion of cadmium in fuel oil 
which would produce the estinated e~~issions. This is shorn in 
Table 2. 



TABLE 2. Cadmium Emission Estimates from Krishnan and Hellwig 
(1982). 

Emission 
Boiler ~*e/ Rate 
Control Device IPU/J)  

Utility/ 7 1.8 
No Controls. 

Utility/ 14.4 
Blectrostatic 
Precipitator 

~~uivalent* 
Concentration 
In Oil 

3.20 ppm 

0.642 ppm 

* Cadmium concentration in fuel oil which would 
give equivalent stack enissions (assumes no control device). 

M3 has estimated an average eaission factor of 
approxicately 3.67 x lb/gal or 0.46 ppm in fuel oil. 
This wts a?parently obtained by averacing (1) the highest 
identified emission rate from the Taback study (and excluding 
=he other neasured value which ves about 10 times lower) and; 
(2) the estimate from the Krishnan study which applies to 

e utility boilers with ESP control (even though utility boilers in 
California are not equipped with these devices). 

Edison has measured ca&iuhi concentrations in fuel oil at 
two power plants and has found zn average concentration of 
approxinztely 0.1 ppn. There is a great range in trace element 
concentrations in crude and fuel oils and 8atypicalf1 
concentration estimates may be significantly different from 
ceasured values at a specific plant. If the two measured values 
obtained by Taback & el. are avereged (the "less thant1 values 
are exclu6.5) a fuel concentration of 0.21 ppm is obtained and 
this agrees fairly well with the Edison data. 

The exissions estimates presented by Krishnan and Hellwig 
should be viewed very cautiously. Although several studies of 
trace elenent emissions are cited by the euthors, there is no 
specific reference for the date or methods used to calculate 
emissions of cadmium and other trace elements from oil-fired 
power plants. Thus the emissions factors are essentially 
unreferenced. The authors also point out that the emission 
.= -actors are "only general estimetors of the actual emissions an6 
coxld very widely fron plzni to ?lentu. 



I n  view of  t h e  shortcomings of t h e  Krishnan and Hel lwig  
emi s s ions  f a c t o r s  and t h e  f a c t  t h a t  t h e y  a r e  n o t  i n  agreement 
w i t h  measured power p l a n t  emiss ions  and f u e l  o i l  c o n c e n t r a t i o n s  
o b t a i n e d  a t  c a l i f o r n i a  p l a n t s ,  it would be p r e f e r a b l e  t o  use t h e  
d a t a  from Taback e t  a l .  i n  e s t i m a t i n g  cadmium emiss ions  from 
r e s i d u a l  o i l - f i r e d  power p l a n t s .  I t  must be recognized t h a t  
emi s s ions  a t  any s p e c i f i c  f a c i l i t y  could be lower and t h a t  t h e  
emiss ion  f a c t o r  i s  on ly  an  e s t i m a t e .  

The  ARB;^ emissions e s t i m a t e s  f o r  r e s i d u a l  f u e l  o i l - f i r e d  
power p l a n t s  should be r e c a l c u l a t e d  us ing  t h e  d a t a  from Taback 
e t  a l .  and excluding t h e  emiss ions  f a c t o r s  from Krishnan and -- 
Ee l lw ig  w h i c h , a r e  no t  i n  good agreement with d a t a  from 
C a l i f o r n i a  power p l a n t s .  

EVALUATION O F  TFPI CARCINOGENIC R I S K S  O F  CAD1.1IliM 

I n  June  of 1985, t h e  U . S .  Environmental P r o t e c t i o n  Agency 
r e l e a s e d  a  f i n a l  r e p o r t  a d d r e s s i n g  t h e  mutagenic i ty  azd  
c e r c i n o g e n i c i t y  assessment of cadmium. I n  t h i s  r e p o r t  EPA 
s t a t e s :  

"Al together ,  t h e  epidemiologic  d a t a  appear  t o  p r o v i d e  "a 
l i m i t e d  evidence of lung  cancer  r i s k  from exposure  t o  
cadmium, based on t h e  I X ? C  c l a s s i f i c a t i o n  sys tem ... and 
t h e  U.S. Environmental P ro t ec t i on  Agency's Proposed 
Guidel ines  f o r  Carcinogen Risk Assessment (U.S .  EPA, 
1984) ". 

i ? A C  h a s  de sc r ibea  I t l imi ted  evidence" a s  "evidence  of 
c a r c i n o g e n i c i t y ,  which i n d i c a t e s  t h a t  a  causa l  i n t e r p r e t a t i o n  i s  
c r e d i b l e ,  b u t  t h a t  a l t e r n a t i v e  exp lana t ions ,  such a s  chance ,  
b i a s ,  o r  confounding, could  n o t  adequate ly  be exc lude  . EPA 
d e r i v e d  a  u n i t  r i s k  e s t i m a t e  f o r  cadmium of 1 . 8  x 10-911using 
t h e  d a t a  from a  s tudy by Thun a. (1985).  

DKS, ' a f t e r  eva lua t i ng  t h e  same s tudy by Thun e t  a l . ,  h a s  
concluded t h a t  " t h e r e  i s  s u f f i c i e n t  evidence f o r  c a r c i n o g e n i c i t y  
i n  hunens.It DHS has a l s o  concluded t h  t t h e  range -3f u n i t  r i s k  
e s t i m a t e s  f o r  caamium is from 2 . 3  ~ 1 0 " ~  t o  2 1  x 10 . The 
u?per l i m i t  of  t h i s  range  is more than 1 0  t i r e s  h i g h e r  t h a n  t h e  
u n i t  r i s k  recommended by EPA. 



Questions therefore arise with respect to: (1) Why does the 
@ DHS interpretation of the data differ both qualitatively and 

quantitatively fron the interpretation of EPA?, and (2) How 
strong is the evidence that cadmium is a human carcinogen? 

Risk estimates developed by both EPA and DHS are shown in 
Table 3. 

TABLE 3. Comparison of Unit Risk Estimates 
for Cadmium Derived by DHS and EPA. 

UPPER BEST LOW 
SOURCE L I X I T  ESTIMATE ESTIMATE 

EPA 3.5 x lo-3 1.8 X 10'~ not calculated 

DHS 16 x lo-3 2.0 x 10-3 1.6 x 10'~ 
(uncorrected) 

DES 21 lo-3 2.3 x 1.8 x 
(corrected 

e for CdO ) 

. .  .. 
It should be noted that although EPA calculated a 95% upper 

confidence li~it (UCL) for cadmium potency, this was not 
suggested as the best estimate of potency. EPA felt that the 
95% UCL was I'an unnecessary added level of conservatism, since 
the model used alrezdy inflates the risk estimate if nonlinear 
componenzs exist or confounding factors are presentt1. [EPA 19851 

One minor reason for the differences between the EPA and DHS 
risk estimates is that DHS has corrected exposures on the 
assumption that the caZsium levels in the Thun et al. paper were 
reported as cai~iun oxide. In fact, the velues reported by Thun 
were reported 2s caaium (not the oxide) and this adjustment was 
incorrect. The last line of Table I shculd zberefore be 
disregarded znd these values deleted from the draft report. 

The be t estimates deriv d by EPA and DHS are quite similar 
(2.0 x 13-' V~ISIS 1.8 x 10") in spite of the izct that 
they are usin? Ziffezent models and that DXS has censored the 
data froa the stsdy by excluding any data h7tic9 does not show an 
increased cencez :is:< froa cadniun exposxre, es discussed below. 



The s i g n i f i c a n t  d i f f e r e n c e s  besween t h e  DHS and EPA 
e s t i m a t e s  r e s u l t  from t h e  methods used t o  c a l c u l a t e  upper l i m i t s  
o f  r i s k .  EPA h a s  used a s t a t i s t i c a l  approach t o  d e r i v e  a 
p r o b a b i l i s t i c  e s t i m a t e  of t h e  upper  l i m i t  o f  r i s k .  DHS has  used 
a t e c h n i q u e  which t h e y  r e f e r  t o  a s  44maximizing t h e  s l o p e u  which 
is n o t  r e a l l y  a model b u t  merely a s e n s i t i v i t y  a n a l y s i s  us ing  
I4worst caset1 assumptions t o  d e r i v e  a n o n - s t a t i s t i c a l  "worst 
c a s e u  e s t i m a t e  o f  r i s k .  DHS h a s  de r ived  an upper l i m i t  by 
assuming; (1) t h a t  t h e  e n t i r e  moderate  exposure group was 
exposed t o  t h e  lowest  l e v e l  of t h e  concen t r a t i on  i n t e r v a l  f o r  
t h a t  group;  and ( 2 )  t h a t  t h e  t r u e  cancer  response observed i n  
t h a t  group may have been h ighe r  ( i . e .  t h e  9 5 %  UCL f o r  t h e  
r e l a t i v e  r i s k ) .  DHS a l s o  uses  a h i g h e r  e s t i m a t e  o f  t h e  
background r a t e  f o r  lung  cancer  t h a n  i s  used by ?PA i n  t h e i r  
a ssessment .  . 

The combined e f f e c t  of t h e s e  assumptions is t o  c r e a t e  a 
"wors t  c a s e n  e s t i m a t e  of r i s k  which probably h a s  no  bear ing  on 
t h e  t r u e  r i s k .  

The majcr  problem with t h e  model u s e l  by DE.5 i s  t h a t  it 
cannot  accommodate d a t a  which i n d i c a t e  no i n c r e a s e  i n  cancer  
anong t h e  exposed popula t ion .  The low exposure Froup i n  t h e  
Thun e t  al.. s t udy  is  a case  i n  p o i n t .  This d a t a  was excluded 
from t h e  a n a l y s i s  because it d i d  n o t  f i t  i n t o  t h e  nodel  used by 
DHS and because DHS s t a f f  d id  n o t  "bel ieve4I t h a t  cadmium 
exposure  could have a h e a l t h  p r o t e c t i v e  e f f e c t .  I n  c a l c u l a t i n g  

e 
t h e  minimized e s t i m a t e  of t h e  s l o p e  f o r  t h e  moderate exposure 
group,  ano the r  d a t a  p o i n t  was d e l e t e d  f o r  t h e  s a z e  reasons .  
T h i s  t y p e  of d a t a  censor ing  is c l e a r l y  u n s c i e n t i f i c .  Co 
r e a s o n a b l e  j u s t i f i c a t i o n  has  been g iven  f o r  t h i s  s e l e c t i v e  w e  
of d a t a .  The d a t a  f o r  t h e  low exposure group is j u s t  a s  v a l i d  
a s  t h e  o t h e r  d a t a  p r e sen t ed  i n  t h e  s tudy.  I f  t h e  node l  chosen 
by DHS does  no t  a l low f o r  t h e  u s e  o f  a l l  t h e  d a t a  a v a i l a b l e  i n  
t h e  s t u d y ,  then a d i f f e r e n t  model should be chosen. Th i s  would 
be  p r e f e r a b l e  t o  exc lu s ion  of d a t a  based on I+ b r i o r i  assumptions 
conce rn ing  t h e  shape o f  t h e  dose  response  curve. Other  models, 
such  a s  t h e  one used by EPA, do no t  p r e sen t  t h i s  t ype  cf  
problem. Models which al low f o r  t h e  use of c l l  =he d a t a  should 
be  used  by DHS. 

The i s s u e  of t h r e s h o l d s  has  n o t  been d e a l t  wi=h adequate ly  
i n  t h e  DHS r e p o r t .  The l a c k  of response  of t h e  low e x p x u r e  
g roup  i n  t h e  Thun s tudv  should have s t i z a l a t e d  s c x e  d i s cus s ion  
w i t h - r e g a r d  t o  t h e  pos ; i b i l i t y  of a t h r e sho ld  pkenomenon. This 
is p a r t i c u l a r l y  t r u e  i n  l i g h t  of t h e  f a c t  t h a t  t h e  evidsnce  f o r  
mu tagen i c i t y  of cadKium i s  very  1 i r . i t e d .  E?h4s e n e l y s i s  has  
shown t h a t  a t h r e s h o l d  model f i t s  t h e  da ta  a s  we:: a s  a l i n e a r  
dose  r e sponse  model, The p o s s i b i l i z y  of a t k r e s h ? l d  pkenonenon 
shou ld  be eva lua ted  w i t h  r e s p e c t  t o  the  ""23 d a t a .  



Thun has taken steps to estimate the potential effects of 
smoking and arsenic exposure on the worker population. However, 
the potential confounding effects of arsenic exposures in the 
workplace and the combined effects of smoking and arsenic cannot 
be ruled out as a potential cause of the increased cancer 
incidence at this time. It must be noted that the actual 
increase in cancer in the exposed group is fairly small. There 
Were 7 cancers observed versus 4.6 cancers expected in the 
moderate exposure group. If it were found that these 7 workers 
with cancer had significantly higher arsenic exposure than the 
other members of this exposure category, the significance of 
this this study would have to be reevaluated. This type of 
nested case/control study is currently being performed by Dr. 
Thun. DHS should await the results of this study before 
finalizing their health effects evaluation. 

Given the possible effects of arsenic exposure on the 
b:orkers in the Thun study and the lack of a consistent dose 
response relationship in the epidemiological studies, EPA8s 
conclusion of "limited evidenceu of lung cancer risk from 
cadaium appears verranted. This lack of strong epldeaiologic 
evieence, the possibility of nonlinear ccxponents in the dose 
response function, and potential confounding variables played a 
role in EPA8s decision to recommend the naxinurn likelihood 
estimate of risk as the best single estimate. DHS should also 
refrzin from recommending upper bound estimates of risk for 
purposes of extrepolation until the uncertainties in the 
occupational epidemiology studies'cen be resolved. 

With respect to new data on cadmium an6 cancer, DHS should 
also consider ob:aining the papers which will be presented at 
the Fifth International Cadmium Confere~ce in San Francisco on 
February 4-6, 1 9 E 6 .  Presentations by Dr. Thun and Dr. Lam on 
February 6 may be of particular interest to DHS staff. 
Certainly -.he steff would want to incorporate any new 
information presented at this meeting before sending the report 
to the Scientific Review Panel for their review. 

Edison appreciates being provided the opportunity to comment 
on this and other Toxic Air Contaminant documents. Again we 
apoligize for any inconvenience the minor delay in our submittal 
xey have caused. 

Sincerely, 





Cadmium Cwncil, Inc. 
2 9 2 ~ A v w u ,  
New YON N Y  tOOV 

January 29. '1986 

Kr. Richard Bode 
California Air Resources Board 
1800 1.5th Street 
P.O. Box 2815 
Sacramento. CA 95812 

Dear Mr. Bode: 

Enclosed are the Cadmium Council's comencs on the Draft Report on Cadmium 
to the Scientific Review Panel. 

Thank you for the opportunity of letting us comment on this document. 
If you have any questions, please contact me. 

Sincerely, 

C" A - ,  , 2 
/ 

: Giovina L. Leone 
Director. Environmental Health 

cm 
enclosure 





BEFORE THE CALIFORNIA A I R  RESOURCES BOARD 

SACRAMENTO, CALIFORNIA 

I n  t h e  m a t t e r  o f :  Draf t  Report t o  t h e  S c i e n t i f i c  Review Panel  on Cadmium 

, COMMENTS OF THE CADMIUM COUNCIL, I N C .  

The  Cadmium C o u n c i l ,  I n c . ,  is  a n o n - p r o f i t  t r a d e  a s s o c i a t i o n  which 

r e p r e s e n t s  producers ,  processors ,  and i n d u s t r i a l  u se r s  of cadmium i n  Canada and 

t h e  United S t a t e s .  The Council 's  o b j e c t i v e  with regard t o  cadmium and h e a l t h  is 

t o  d e v e l o p  and d isseminate  informat ion  on t h e  h e a l t h  e f f e c t s  o f  cadmium i n  o r d e r  

*to a s s u r e  t h e  s a f e  use  o f  cadmium i n  t h e  occupa t iona l  and g e n e r a l  environment. 

T h i s  is accomplished through the  sponsorsh ip  o f  research  on t h e  p o t e n t i a l  h e a l t h  

e f f e c t s  o f  cadmium exposure, p u b l i c a t i o n  o f  educa t iona l  and t r a i n i n g  m a t e r i a l s  

a n d  d i s s e m i n a t i o n  o f  i n f o r m a t i o n  i n c l u d i n g  c u r r e n t  d e v e l o p m e n t s  i n  cadmium 

h e a l t h  r e s e a r c h .  T h i s  d a t a  b a s e  i s  s u b s e q u e n t l y  used  i n  t h e  d e v e l o p m e n t  o f  

o c c u p a t i o n a l  and envi ronmenta l  r e g u l a t i o n s  which a s s u r e  t h e  p r o t e c t i o n  of heal t in 

whi le  being t e c h n o l o g i c a l l y  and economical ly  f e a s i b l e .  

B e f o r e  c o n t i n u i n g ,  I would  l i k e  t o  thank  t h e  Air R e s o u r c e s  Board  on 

b e h a l f  of t h e  members of t h e  Cadmium Counc i l  f o r  t h e  oppor tun i ty  t o  commant on 

t h e  d r a f t  r e p o r t  on cadmium. 

According t o  t h e  d r a f t ,  t h e  Air Resources Board recommends t h a t  cadmium 

be  l i s t e d  a s  a t o x i c  a i r  contaminant because  cadmium, s t a t e d  u n e q ~ i v o c a l l y ,  i s  a 

O u n a n  carcino.en. It is t h e  purpose o t h e s e  comments t~ p r o v i d e  t h e  A R B  with 



informat ion  which w i l l  c a s t  s e r i o u s  doubt on t h i s  s tatement .  So much doubt  t h a t  

t h e  EPA's f i n a l  Updated M u t a g e n i c i t y  and C a r c i n o g e n i c i t y  Assessmen t  Document 

c o u l d  n o t  p r o v i d e  s o l i d  e v i d e n c e  t o  s u p p o r t  a n  u n e q u i v o c a l  c o n c l u s i o n  a b o u t  

cadmium's p o t e n t i a l  as a human carcinogen. 

The EPA concluded t h a t  t h e r e  was l i m i t e d  human e v i d e n c e  t h a t  cadmium 

causes  l u n g  cancer .  The Council  f e e l s  t h a t  even t h i s  c o n c l u s i o n  i s  inaccura te  

i n  l i g h t  o f  new e v i d e n c e  t h a t  would be con t rad ic to ry .  I n  a d d i t i o n ,  r e a n a l y s i s  

of  the  key e p i d e m i o l o g i c a l  s tudy  is s t i l l  continuing.  And, f u r t h e r  work is a l s o  

b e i n g  done  on  c o n f i r m a t i o n  o f  t h e  key a n i m a l  s t u d y .  U n t i l  t h e s e  s t u d i e s  a r e  

completed and c o n c l u s i o n s  a r e  reached, t h e  Cadmium Council  f e e l s  t h a t  t h e r e  is 

i n s u f f i c i e n t  ev idence  t h a t  cadmium is a human lung carcinogen.  Therefore ,  we 

f e e l  t h a t  t h e r e  i s  p r e s e n t l y  no s c i e n t i f i c a l l y  sound b a s i s  f o r  l i s t i n g  cadmium 

a s  a  t o x i c  a i r  contaminant  by t h e  ARB. 

The ARB'S c o n c l u s i o n  i s  a quantum l e a p  from t h e  EPA c o n c l u s i o n  e v e n  "@ 
t hough  ARB h a s  found  n o  new s t u d i e s  t o  s u p p o r t  s u c h  a d e f i n i t i v e  c l a i m .  I n  

o r d e r  t o  b e t t e r  unders tand why EPA reached a l e s s  d e f i n i t i v e  conc lus ion ,  i t  is 

i m p o r t a n t  t o  h a v e  some background on t h e  e v o l u t i o n  o f  t h e  EPA a s s e s s m e n t  

document, and i t s  purpose.  

The f i r s t  d r a f t  o f  t h e  h e a l t h  a s s e s s m e n t  document  i s s u e d  i n  1983 

reviewed t h e  a n i n s l  and ep idemio log ica l  ev idence  concerning  t h e  c a r c i n o g e n i c i t y  

of cadmium and concluded t h a t  cadmium and c e r t a i n  compounds "probably" caused 

c a n c e r  o f  t h e  p r o s t a t e  i n  humans. T h i s  was a  r a d i c a l  d e p a r t u r e  from t h e  1981 

Version which con- luded t h a t  t h e r e  was no evidence  s u f f i c i e n t  t o  e s t a b l i s h  t h a t  

cadmiurn might be :i human carc inogen.  



The EPA Cancer  Assessment Group wi thdrew t h e  1983 d r a f t  b e c a u s e  o f  

0 comments which i t  rece ived  i n d i c a t i n g  s i g n i f i c a n t  n e g a t i v e  ev idence  had n o t  been 

c o n s i d e r e d  which  c o n t r a d i c t e d  t h e i r  c o n c l u s i o n  t h a t  cadmium p r o b a b l y  c a u s e s  

p r o s t a t i c ,  c a n c e r .  

Then i n  1984, a s e c o n d  d r a f t  h e a l t h  a s s e s s m e n t  document  was i s s u e d .  

A f t e r  r e c o n s i d e r i n g  t h e i r  f i rs t  c o n c l u s i o n ,  they decided t h a t  cadmium c o u l d  o n l y  

weakly be a s s o c i a t e d  with p r o s t a t i c  cancer .  But, they f u r t h e r  concluded t h a t  

new e p i d e m i o l o g i c a l  e v i d e n c e  s u g g e s t e d  t h a t  cadmium may c a u s e  l u n g  c a n c e r  

i n s t e a d .  T h i s  conclus ion  was based p r i m a r i l y  on one c h r o n i c  animal  i n h a l a t i o n  

s t u d y  by Takenaka  and c o w o r k e r s ,  b u t  more  i m p o r t a n t l y ,  on a n  e p i d e m i o l o g i c a l  

s t u d y  by Dr. Thun of the  Na t iona l  I n s t i t u t e  of Occupational  S a f e t y a n d  Health.  

Tnun f o u n d  a n  e x c e s s  o f  l u n g  c a n c e r  among w o r k e r s  e z p l o y e d  f o r  s i x  months  o r  

l o n s e r  a t  a  U.S. cadmium produc t ion  f a c i l i t y .  The Cadniuz Counci l ' s  comments on 

t h i s  d r a f t  a r e  p r w i d e d  a s  Appendix A .  

The EPA Science Advisory Board's Meta l s  Subcommittee met i n  October of 

1984 a t  t h e  Unive r s i ty  of Roches ter  t o  r ev iew t h e  d r a f t  document. Among those 

g i v i n g  p u b l i c  p r e s e n t a t i o n s  were e x p e r t s  i n v i t e d  by t h e  Cadmium Counci l .  These 

e x p e r t s  i n c l u d e d  Dr. George K a z a n t z i s  o f  t h e  U.K., Dr. E d j a  H a s s l e r  o f  Sweden, 

D r .  S t e v e n  Lamn from Wash ing ton ,  D.C., a n d  Dr. Love11 Whi te  o f  ASARCO. Upon 

comple t ion  o f  t h e  p r e s e n t a t i o n s ,  t h e  M e t a l s  Subcommittee d r a f t e d  recommendations 

f o r  c h a n g e  t o  t h e  documment (Append ix  9). These  r toommenda t ions  w e r e  S e n t  t o  

, t h e  SAa Enviromnental  Heal th  Committee a t  which t i n e  tiley were cons ' idered a l o n g  

w i t h  w r i t t e n  comments made by t h e  p u b l i c .  The Cadmium C o u n c i l  s u b m i t b e d  

a d d i t i o n a i  conments which summarized t h e  p resen ta t ions  m d e  b e f o r e  t h e  M e t a l s  



Even  t h o u g h  t h e  l e t t e r  which  was s e n t  t o  t h e  A d m i n i s t r a t o r  o f  EPA by 

t h e  S A B  a g r e e d  w i t h  t h e  q u a l i t a t i v e  f i n d i n g s  i n  t h e  u p d a t e d  document,  t h e  S I B  @ 
q u a l i f i e d  t h e i r  s t a t emen t  with s e v e r a l  recommendations f o r  f u r t h e r  s tudy.  

The SAB was ve ry  c r i t i c a l  o f  t h e  q u a n t i t a t i v e  r i s k  assessment which was 

done  by t h e  C a n c e r  Assessment  Group recommending s e v e r a l  c h a n g e s  a n d  a 

r e a n a l y s i s  o f  the '  d a t a .  

Although t h e  SAB found t h e  Takenaka s tudy  t o  be  s u f f i c i e n t  ev idence  o f  

cadmium's a b i l i t y  t o  c a u s e  c a n c e r  i n  a n i m a l s ,  t h e y  f e l t  more i n f o r m a t i o n  was 

needed on t h e  a c t u a l  ; a r t i c l e  s i z e  d i s t r i b u t i o n  o f  accbient cadmium t o  which t h e  

g e n e r a l  p u b l i c  would be exposed. T h i s  in fo rmt ion  would a l l o w  a  comparison of 

t h e  e f f e c t i v e  d o s e  g i v e n  t o  r a t s  i n  t h e  Takenaka  s t u d y  w i t h  t y p i c a l  human 

exposure f o r  t h e  purpose of q u a n t i t a t i v e  r i s k  assessment .  

Of s i g n i f i c a n c e  i s  t h e  f a c t  t h a t  t h e  SAB r e c o g n i z e d  t h e  e f f e c t  o f  

s o l u b i l i t y  on  t h e  b i o a v a i l a b i l i t y  o f  v a r i o u s  cadmium compounds and  t h u s ,  a 

d i f f e r e n c e  i n  t h e i r  t o x i c  potency. According t o  t h e  ARB d r a f t  document, r e c e n t  

s t u d i e s  s u g g e s t  a b s o r p t i o n  may not  be  dependant  on  s o l u b i l i t y .  The Oberdoer s t e r  

e t . a l .  (1979)  s t u d y  compar ing  t h e  l u n g  c l e a r a n c e  o f  cadmium c h l o r i d e  v e r s u s  

cadmjum o x i d e  i n  rats was c i t e d  i n  s u p p o r t  o f  t h i s  s ta tement .  However, t h e  SAB 

s u b c o m m i t t e e  f o u n d  t h a t  l e s s e r  s o l u b i l i t y  d o e s  e f f e c t  t h e  t c x i c i t y  o f  some 

cadmium s a l t s .  For example, a  r a t  i n h a l a t i o n  s t u d y  63ne by Rusch e t .a l .  (1984, 

Fundam. Appl .  T o x i c o l . )  found cadmium r e d  a n d  y e l l o x  p i g m e n t s  t o  be  much l e s s  

b i o a v a i l a b l e  r e s u l t i n g  i n  decreased a b s o r p t i o n  a n d  t 3 x i c i t y  when compared  t o  

cadmium c a r b o n a t e  and cadmium fume. 

I n  a d d i t i o n ,  t h e  SAB found  D r .  Thun's  a n a l y s i s  o f  t h e  c o n f o u n d i n g  

e f f e c t s  of smoking t o  be r easonab le  and,  t h e r e f o r ? ,  n o t  s i g n i f i c a n t .  However, 

D r .  Thun's a n a l y s i s  of a r s e n i c  a s  a  c o n f o u n d i n j  v z r i a 3 l e  vas  c r i t i c i z e d  f o r  n o t  



u s i n g  i n d i v i d u a l  a r s e n i c  exposure  l e v e l s .  It was f u r t h e r  recommended t h a t  t h e  

j o i n t  e f f e c t  o f  c i g a r e t t e  smoking and a r s e n i c  exposure be examined. 

The f i n a l  document  p u b l i s h e d  i n  June  o f  1985, had  n o  new e v i d e n c e  t o  

s u p p o r t  i t s  c o n c l u s i o n  t h a t  cadmium may c a u s e  l u n g  c a n c e r  i n  humans. And, 

a l t h o u g h  t h e  document d i d  n o t  r e f l e c t  t h e  p u b l i c  comments which c r i t i c i z e d  t h e  

an ima l  and ep idemio log ica l  s t u d i e s  upon which t h i s  conc lus ion  is based, it did  

change i t s  conc lus ion  t h a t  t h e r e  was s u f f i c i e n t  e ~ i d e n ~ e  t o  r e g a r d  cadmium a s  a 

mutagen.  I n  a d d i t i o n ,  t h e  q u a n t i t a t i v e  r i s k  a s s e s s m e n t  was r e c a l c u l a t e d  

accord ing  t o  SAB1s recommendation. 

Unfor tunate ly ,  t h e  SAB's a d d i t i o n a l  recommendations were no t  inc luded 

i n  t h e  f i n a l  document. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h e i r  l e t t e r  t o  t h e  

EPA,  t h e y  c r i t i c i z e d  t h e  EPA C a n c e r  Assessmen t  Group f o r  n o t  i n c l u d i n g  t h e  

r ecommenda t ions  t h e y  made on  t h e  p r e v i o u s  d r a f t .  T h i s  is n o t  t o  s a y  t h a t  t h e  

SAB's comments f e l l  o n  d e a f  ears. I n d e e d ,  Dr. Thun a l m o s t  i m m e d i a t e l y  went 

abou t  c o l l e c t i n g  more d a t a  i n  an  e f f o r t  t o  r e s o l v e  t h e  confounding e f f e c t s  of 

a r s e n i c  e x p o s u r e  and  smoking among h i s  o r i g i n a l  c o h o r t .  R a t h e r  t h a n  s t a t i n g  

t h i s ,  t h e  f i n a l  document r e p e a t e d l y  a r g u e s  t h a t  t h e  Thun a n a l y s i s  a d e q u a t e l y  

addressed  t h e s e  confounding v a r i a b l e s  d e s p i t e  t h e  absence o f  new evidence.  

S i n c e  t h e  f i n a l  document was pub l i shed ,  Dr. Ceorze Kazantz is  d id  a case  

c o n t r o l  s tudy  f o r  long c a n c e r  as p a r t  o f  a r e c e n t l y  completed c o h o r t  m o r t a l i t y  

s t u d y  o f  6,995 male cadmium workers (Appendix Dl .  Th i s  c a s e  c o n t r o l  s tudy was 

d o n e  i n  r e s p o n s e  t o  t h e  f i n d i n g  o f  a n  e x c e s s  r i s k  o f  l u n g  c a n c e r  i n  t h e  low 

e x p o s u r e  g r o u p  o f  t h i s  c o h o r t .  Dr. K a z a n t z i s  found t h a t  t h i s  e x c e s s  r i s k  of 

l u n g  cance r  was n o t  due t o  cadmium, n o r  was t h e  excess  r i s k  o f  b r o n c h i t i s  found 

I, 
i n  t h e  medium exposure group. 



I n  a d d i t i o n ,  t h e  Fraunhofer I n s t i t u t e  h a s  begun a  long-term i n h a l a t i o n  I 
s t u d y  w i t h  cadmium which i s  a  f o l l o w - u p  t o  t h e  Takenaka  s t u d y .  I n  o r d e r  t o  I 
c o n f i r m  i ts  o r i g i n a l  f i n d i n g s ,  h a m s t e r s  a n d  mice w i l l  be e x p o s e d  t o  f o u r  

d i f f e r e n t  cadmium compounds, i n c l u d i n g  cadmium o x i d e .  T h i s  s t u d y  s h o u l d  b e  

completed sometime i n  l a t e  1986. 

A n ~ t h e r ~ r e a n a l y s i s  of t h e  ASARCO c o h o r t  is p r e s e n t l y  being conducted by 

Dr. S t e v e n  Lamm o f  CEOH i n  Wash ing ton ,  D.C.. D r .  Lama's p r e l i m i n a r y  a n a l y s i s  

Shows t h a t  a r s e n i c  e x p o s u r e  and  smoking c o u l d  h a v e  c a u s e d  t h e  e x c e s s  o f  l u n g  

cance r  d e a t h s  s e e n . i n  t h i s  cohor t .  

A c c o r d i n g  t o  Dr. Lamm, p l a n t  h i s t o r y  i n d i c a t e s  t h r e e  i n d u s t r i a l  e r a s  

with r e s p e c t  t o  a r s e n i c  a t  t h i s  work s i t e .  P r i o r  t o  1926, the  a r s e n i c  p l a n t  on 

s i t e  was a c t i v e l y  r e f i n i n g  t h e  a r s e n i c  t r i o x i d e ,  b u t  c r u d e  a r s e n i c  was o n l y  

s t o c k p i l e d  - a f t e r  1940, when the  feeds tock a r s e n i c  c o n t e n t  dropped t o  about  1 % .  

A n a l y s i s  o f  c o h o r t s  by  d a t e  o f  h i r e ,  r a t k e r  t h a n  by d a t e s  o f  " 

employment ,  is  n e c e s s a r y  t o  s e p a r a t e  t h e  e f f e c t s  from e a c h  e x p o s u r e  p e r i o d .  

L i t t l e  i n d u s t r i a l  hygiene d a t a  preceeds t h e  1950's. Analys is  of t h e  m o r t a l i t y  

d a t a  i n d i c a t e s  a marked l u n g  c a n c e r  r i s k  f o r  w o r k e r s  h i r e d  p r i o r  t o  1926 (and 

work ing  t h r o u g h  1 9 4 0 ) ,  a modera te  e x c e s s  l u n g  c a n c e r  r i s k  f o r  w o r k e r s  h i r e d  

between 1926 and 1940 (and working through 19401, and no excess l u n g  cancer r i s k  

f o r  t h o s e  h i r e d  i n  19b0 o r  l a t e r .  These  d a t a  w o , ~ l d  s u g j e s t  t h a t  a r s e n i c  

exposure  might be  t h e  major de terminant  o f  r i s k .  

With r e g a r d  t o  smoking,  h i s t o r i e s  o f  smoking h a b i t s  f o r  w o r k e r s  f rom 

f i f t y  y e a r s  a g o  c a n n o t  be  o b t a i n e d .  A d j u s t a e n t s  o f  e x p e c t e d  l u n 3  c a n c e r  r i s k  

f o r  miss ing  smokins informat ion  i s  g e n e r a l l ?  Sased on assum2tions o f  r i s k  a s  a  

f u n c t i o n  o f  p a c k - y e a r s  o f  e x p o s u r e s .  i 3 . ~ t ,  pazk-::ears o f  e x p o s u r e  a s s u m e s  

l i n e r i t y  i n  r i s k  f o r  b o t h  i n t e n s i t y  o f  s z ~ ~ k i c ~  a n 3 u r a t i o n  o f  s m o k i n s ,  v h i l e  

a p i d e m i o l o ~ i c a l  a n a l y s i s  i n d i c a t e s  til?~t d v s c i o n  of s-.s;:in3 is a  foilr o r d e r  r i s k  



f a c t o r .  Methodo logy  f o r  a d j u s t i n g  e x p e c t e d  r isks f o r  d u r a t i o n  o f  smoking 

0 h i s t o r y  need t o  be  d e v e l o p e d .  Dr. Lamm h a s  begun t o  a s s e s s  t h e  e f f e c t s  o f  

a r s e n i c  exposure and smoking f o r  t h i s  cohort .  The r e s u l t s  of t h i s  a n a l y s i s  w i l l  

b e  p r e s e n t e d  a t  t h e  I n t e r n a t i o n a l  Cadmium C o n f e r e n c e  t o  be  h e l d  i n  S a n  

Franc i sco ,  February U-6, 1986. 

I n  an e f f o r t  t o  r e s o l v e  t h e s e  q u e s t i o n s ,  t h e  Cadmium Council  is among 

t h e  sponsors  o f  t h e  I n t e r n a t i o n a l  Cadmium Conference and a  workshop c h a i r e d  by 

S i r  Richard D o l l  s p e c i f i c a l l y  on cadmium and cancer.  S i r  Richard D o l l , ,  one o f  

t h e  most  o u t s t a n d i n g  e p i d e m i o l o g i s t s  i n  t h e  w o r l d ,  s t a t e d  i n  a  r e c e n t  

p u b l i c a t i o n  e n t i t l e d  l t O c c u p a t i o n a l  Cance r :  P r o b l e m s  i n  I n t e r p r e t i n g  Human 

Evidencet t  t h a t  i n  h i s  view, cadmium s h o u l d  n o t  be regarded a s  a  human c a r c i n o g e n  

with r e fe rence  t o  p r o s t a t i c  c a n c e r  (Appendix E l .  

According t o  S i r  Doll:  

"It must be remembered t o o ,  t h a t  when a n  unexpected f i n d i n g  is obse rved  
and f u r t h e r  s t u d i e s  a r e  made t o  check it ,  t h e  f i rs t  s e t  of d a t a  must be 
r e g a r d e d  a s  h y p o t h e s i s - f o r m i n g  and  e x c l u d e d  from t h e  s u b s e q u e n t  
a n a l y s i s .  F a i l u r e  t o  remember t h i s  l e d  t h e  members o f  a  r e c e n t  
INTERNATIONAL WORKSHOP ON THE CARCINOGENICITY OF METALS (1981)  i n t o  
e r r o r  when t h e y  c o n c l u d e d ,  o n  t h e  a d v i c e  o f  a  c o m m i t t e e  which  I 
c h a i r e d ,  t h a t  'exposure t o  cadmium had c o n t r i b u t e d  t o  t h e  developmant  
of p r o s t a t i c  cance r t  i n  f o u r  s e r i e s  of cadmium workers. The d a t a  t h a t  
were a v a i l a b l e  t o  t h e  c o m m i t t e e  a r e  s u m n a r i z e d  i n  T a b l e  4,  a n d  t h e s e  
r e s u l t s  were a s s e s s e d  a s  being l i k e l y  t o  t u r n  up by 

Table  4 P r o s t a t i c  Cancer i n  Cadmium Workers: Evidence Ava i l ab le  
i n  1981 

Number 
Country O b s e r v ~ d  Expected C h a r a c t e r i s t i c  

Grea t  B r i t a i n  4 
U.S.A. 4 
Sweden ( 1 )  2 
Sweden (2 )  4 

Cases 
Deaths 
Cases 
Cases 



chance a l o n g  o n l y  twice i n  a  thousand had t h e  f i r s t  B r i t i s h  s e r i e s  been 
o m i t t e d ,  a s  i t  s h o u l d  h a v e  b e e n ,  a f u r t h e r  10 c a s e s  would  h a v e  been  
counted  a g a i n s t  5.1 expected,  g i v i n g  a one- t a i l ed  P v a l u e  o f  0.04, t h e  
c o n c l u s i o n  t h a t  cadmium c o n t r i b u t e d  t o  t h e  c a u s a t i o n  o f  p r o s t a t i c  

e 
c a n c e r  would have been, a t  t h e  most,  t e n t a t i v e ,  and t h e  r e s u l t s  o f  t h e  
r e c e n t  l a r g e - s c a l e  s t u d i e s  o f  a l l  men o c c u p a t i o n a l l y  exposed t o  cadmium 
i n  t h e  w h o l e  o f  E n g l a n d ,  which  a r e  summarized i n  T a b l e  5 ,  would n o t  
have come a s  a  surpr ise ."  

A s  e v i d e n c e d  by t h i s  e x a m p l e ,  e r r o r s  i n  a n a l y s i s  o f  e p i d e m i o l o g i c a l  

d a t a  c a n  b e  made e a s i l y  when s t a t i s t i c a l  e v i d e n c e  i s  e v a l u a t e d  i m p r o p e r l y .  

However, a n  e r r o r  i n  judgement is a s s u r e d  when s t a t i s t i c a l  ev idence  is ignored  

comple te ly .  The fo l lowing  s ta tement  from t h e  d r a f t  document i m p l i c a t i n g  a  cause  

and  e f f e c t  r e l a t i o n s h i p  be tween cadmium a n d  p r o s t a t i c  c a n c e r  which t o t a l l y  

disavows t h e  s t a t i s t i c a l  evidence must be  d e l e t e d :  

"Because  t h e  human s t u d i e s  r e p e a t e d l y  f i n d  s o c e  e l e v a t i o n  i n  r i s k ,  
a l b e i t  a  n o n - s i g n i f i c a n t  o n e ,  t h e  s t a f f  o f  DHS Coes n o t  b e l i e v e  t h a t  
t h e r e  i s  evidence t o  r e j e c t  a n  e f f e c t  o f  cadniurc on p r o s t a t i c  cancer ."  

T h i s  s t a t e m e n t  is  n o t h i n g  more t h a n  a n  e d i t o r i a l  comment. S o m e t h i n g  e 
t h a t  should  be l e f t  out  of a  s c i e n t i f i c  document. 

A s  f a r  a s  cadmium's a b i l i t y  t o  c a u s e  l u n g  c a n c e r ,  S i r  D o l l  c o n c l u d e d  

t h a t  v e r y  c a r e f u l  e v a l u a t i o n  i s  r e q u i r e d  b e f o r e  a dec i s ion  about  such a n  e f f e c t  

is reached.  

H e a l t h  c r i t e r i a  a s i d e ,  a n o t h e r  r e a s o n  f o r  no: l i s t i n g  cadmium i s  

b e c a u s e  a i r b o r n e  e x p o s u r e  t o  cadmium is m i n i m a l .  T h i s  i s  a c c o r d i n g  t o  a n  EPA 

Off i ce  o f  Water p u b l i c a t i o n  e n t i t l e d  "Cadnium Contamination o f  t h e  Environment: 

An A s s e s s m e n t  of  Nat ionwide  R i s k " .  I n  p a r t i c u l a r ,  t h e  r e p o r t  found t h a t  z i n c  

and cadmium s m e l t i n g  is no l o n g e r  a  major  s o u r c e  because of t i g h t e r  c o n t r o l s  o f  

o t h e r  emiss ions .  



Based o n  t h i s ,  and  o t h e r  i n f o r m a t i o n  p r e s e n t e d  b e f o r e  an  EPA p u b l i c  

hea r ing  on t h e  n o t i c e  t o  l is t  cadmium under s e c t i o n  112, t h e  EPA has  decided t o  a 
extend t h e  comment p e r i o d  f o r  90 days i n  o r d e r  f o r  a d d i t i o n a l  informat ion  t o  be  

compiled. A copy o f  t h e  h e a r i n g  t r a n s c r i p t  is prov ided  as Appendix F. 

I n  v i e w  o f  t h e  u n c e r t a i n t i e s  which  e x i s t  w i t h  r e g a r d  t o  cadmium's 

a b i l i t y  t o  c a u s e  . l ung  c a n c e r  and s t u d i e s  t h a t  h a v e  found emissions o f  cadmium 

i n t o  t h e  envi ronment  t o  be m i n i r d l ,  i t  would a p p e a r  t h a t  t h e  l i s t i n g  o f  cadmium 

a s  a t o x i c  a i r  contaminant  is unuarranted. The Counci l  recommends t h a t  t h i s  be 

cons idered  by t h e  ARB and t h a t  no f u r t h e r  a c t i o n  be t a k e n  a t  t h i s  time. 

Giovina L.  Leone, M.S. 
D i r e c t o r ,  Environmental H e a l t h  
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Ardsley. NewYork 10502 
Telephone 914 478 3131 

CIBA-GEIGY 

February 3 ,  1906 

Mr. William V .  Loscutoff ,  Chief 
Toxic P o l l u t a n t s  Branch 
Air Resources Board 
1102 Q S t r e e t  
P. 0. 90x 2815 
Sacramento, CA'  95812 

At ten t ion :  CADHIUM 

Dear Mr. Loscu to f f :  

CIBA-GEIGY Corpora t ion  a p p r e c i a t e s  t h e  oppor tuni ty  t o  c o m e n t  on t h e  DRRFT 

REPORT TO THE SCIENTIFIC REVIZW PANEL ON CADMI'DI. We r e g r e t  t h a t  i t  could 

n o t  be s u p p l i e d  by January 17 bu t  i t  is our unders tanding t h a t  you w i l l  

a ccep t  and c o n s i d e r  our  comments. 

CIBA-CEICY handles  cadmium chemicals  i n  t he  workplace and produces cadmillm 

pigments f o r  t h e  marketplace. We a r e  i n t e r e s t e d  i n  t h e  proper  and 

a p p r o p r i a t e  r e g u l a t i o n  of cadmium and its compounds f o r  t h e  p-o tec t ion  of 

workers and t h e  g e n e r a l  p u b l i c .  Your d r a f t  document r e p r e s e n t s  an 

e x c e l l e n t  r e v i e u  of t h e  a v a i l a b l e  d a t a  a s  v e l l  a s  an a t t empt  t o  r a t i o n a l i z e  

t h e  c l a s s i f i c a t i o n  of cadmium a s  a t o x i c  a i r  contaminant f o r  the  g e n e r a l  

popula t ion .  Th i s  r a t i o n a l i z a t i o n  is based on animal and human d a t a  

purpor ted  t o  prove t h a t  cadmium, pe r  s e ,  is a carcinogen and a s t a t i s t i c a l  

e x t r a p o l a t i o n  of t h e s e  da ta  t o  a r i s k  f p r  the  populat ion of Cali 'ornia.  



Before t h i s  process is f i n a l i z e d  we have some comments on t h e  da ta  reviewed 
0 

and assumptions made t h a t  should b e  considered.  I n  a d d i t i o n ,  c e r t a i n  new I 
d a t a ' a r e  made a v a i l a b l e  f o r  your eva lua t ion .  I 

The ~ a k e n a k a ;  - e t  - a1 cadmium c h l o r i d e  i n h a l a t i o n  s tudy showed what could be 

i n t e r p r e t e d  a s  a  dose-response i n  lung tumor inc idence .  However, t h i s  

cont inuous  18-month dos ing  i n s u l t  d id  not  produce a dose- re la ted  e f f e c t  on 

time of tumor' occurrence. I t  took 27 months f o r  a  s i g n i f i c a n t  tumor 

response t o  reveal  i t s e l f .  Cadmium c h l o r i d e  is  known t o  inc rease  both lung 

e p i t h e l i a l  permeabil i ty and t h e  number of inflammatory c e l l s  i n  t h e  lung.  

These e f f e c t s ,  taken t o g e t h e r  w i t h  t h e  chemical ' s  c o n t i n u a l  presence i n  t h e  

lung  wi thout  any p o s s i b i l i t y  f o r  lung c l e a r a n c e  and r e p a i r  probably 

d r a s t i c a l l y  a f fec ted  t h e  s t u d y  r e s u l t s .  The EPA d r a f t  document even s t a t e s  -@ 
t h a t  " the  p o t e n t i a l  o f  CdC12 f o r  a l t e r i n g  t h e  normal phagocytic a c t i v i t y  

could e x p l a i n  why t h e  i n v e s t i g a t o r s  were a b l e  t o  produce such a marked 

ca rc inogen ic  response." 

T h i s  b r i n g s  us t o  the  i s s u e  o f  threshhold  wi th  r e s p e c t  t o  t h e  p o t e n t i a l  of 

cadmium posing an i n h a l a t i o n  c a r c i n o g e n i c  r i s k  t o  t h e  g e n e r a l  popula t ion  a t  

ambient a i r  concent ra t ions .  The DHS s t a f f  has concluded t h a t  non- 

ca rc inogen ic  t o x i c i t i e s  e x h i b i t  a threshhold  and ambient a i r b o r n e  cadmiun 

w i l l  n o t  pose a  s i g n i f i c a n t  hazard .  90th  Takenaka, - -  e t  a 1  and t h e  EPk 

a l l u d e  t o  a  r e l a t i o n s h i p  between lung cadmium r e t e n t i o n ,  a l t e r a t i o n  of 

nors>.l pha&ocyt:c a c t i v i t y ,  a l v e o l a r  damage with enhanced c e l l  

p r o l i f e r a t i o n  and '.he c a r c i n o g e n i c  a c t i v i t y  o f  cadmium c h l o r i d e .  Table  1 

z i v e s  t h e  change i: lung tunor  incidence with r e s p e c t  t o  dec reas ing  dosage. 



TABLE 1 

Dosage 
(ug ~'d/m3) 

T o t a l  Lung 
Tumors 

Percentage Change 
From Next Higher 

Dose 

A s  can be seen  t h e r e  a r e  d i s p r o p o r t i o n a t e  changes wi th  success ive  dose 

ha lv ing .  It t h u s  appears  l i k e l y  t h a t  lower dosages cause  l a s s  lung damage 

(cons ide red  a threshhold  even t )  and c s n s ~ q u e n t l y  l e s s  lung tumors. Th i s  

would i n d i c a t e  t h a t  ambient a i r b o r n e  cadmiilln does not  pose a  carc inogenic  

r i s k  t o  t h e  g e n e r a l  popula t ion  and should  n o t  be  c l a s s i f i e d  a s  a  t o x i c  a i r  

contaminant .  The Takenaka, -- e t  a 1  s t u d y  a l s o  provides  evidence suppor t ing  

t h e  DHS s t a f f  i n  concluding t h a t  ambient a i r b o r ~ e  cadmiw w i l l  no t  cause  

r e n a l  t o x i c i t y  s i n c e  t h e  h i g h e s t  exposure l e v e l  only  r e s u l t e d  i n  a  

c o n c e n t r a t i o n  o f  34 ug Cd/g wet weight of kidnsy. 

Data developed by Thun, g g was used by DtlS s t a f f  t o  c a l c u l a t e  t h e  human 

r i s k  of l u n g  cance r .  This  epidemiology s tudy has been commented upon by 

numerous groups  (Metals  Sukcommittee of t h e  Environmental Health Committee 

o f  EPA's S c i e n c e  Advisory Board, Cadmium Council and ASARCOI. I have 

appended, r a t h e r  than  repea"ed, some of t h e s e  comments. It is i n p o r t a n t  t o  

r e x m b e r  t h a t  t h i s  uss an ~ c c u p a t i o n a l ,  no t  a s b i e n t ,  exposure s i t u a t i o n ;  

l e v e l s  were g r e a t e r  than 40 ?~g/m3; working c o n d i t i o n s  v a r i e d  0-er time wi th  



dec reas ing  cadmium exposures  being ev iden t ;  exposures t o  a r s e n i c ,  l ead  and 
e 

z i n c  a l s o  occurred;  smokine h a b i t s  could  have accounted f o r  h a l f  t h e  

i n c r e a s e ;  u r i n e  cadmium l e v e l s  suggest  a h igh ly  exposed popula t ion .  Taken 

a l t o g e t h e r  t h i s  was a s t u d y  t h a t  c l e a r l y  demonstrated cadmium exposure ( v i a  

u r i n e )  i n  a ko rk fo rce  t h a t  may not  have c o n s i s t e n t l y  followed good hygiene 

p r a c t i c e s  and whose smoking h a b i t s  were r e t r o a c t i v e l y  surmised. Workplace 

cond i t ions  which e x i s t e d  y e a r s  ago can not  be used t o  a s s e s s  r i s k  t o  t h e  

g e n e r a l  popu la t ion  from ambient a i r  exposure. It is of  i n t e r e s t  t h a t  

Lauwerys, e t  a l ,  (Toxicology L e t t e r s  - 23: 287-9, 19811) i n v e s t i g a t i n g  t h e  

g e n e r a l  populace l i v i n g  i n  i n d u s t r i a l  a r e a s  p o l l u t e d  by cadmium due t o  p a s t  

e n i s s i o n s  from non-fer rous  metal i n d u s t r i e s  found increased  inc idences  of  

~ o r t a l i t y  r e l a t e d  t o  n e p h r i t i s  and nephros i s  b u t  d i d  not  mention lung 

cancer  even though t h e  cause  of dea th  was obta ined  f o r  each deceased 

person.  T h i s  d i r e c t l y  conf i rms  the  DHS s t a f f  p o s i t i o n  t h a t  r e n a l  e f f e c t s  

a r e  t h e  most s e n s i t i v e  i n d i c a t o r  and o u r  p o s i t i o n  t h a t  e x t r a p o l a t i o n  of  

l ung  cancer  from worker exposure t o  t h e  g e n e r a l  popu la t ion  is n o t  

a p p r o p r i a t e .  Furthermore,  no d a t a  from Japan sugges t s  t h a t  non- 

occupa t iona l  exposure t o  cadmium c o n s t i t u t e s  a ca rc inogen ic  hazard.  

I t  i s  impor tant  t o  remember t h a t  a l l  t h e  i n h a l a t i o n  epidemiology s t u d i e s  

d e a l  wi th  exposures r e l a t i n g  pr imar i ly  and a lmost  exc lus ive ly  t o  b a t t e r y  

p-oduction and o r e  sme l t ing .  These a r e  ha rd ly  proper  s u r r o g a t e s  f o r  t h e  

g e n e r a l  ?opu la t ion  exposed t o  ambient a i r .  

The lun2 is t h e  most p r e v a l e n t  s i t e  of cancer  i n  humans. Smo!ting i s  3 

recognized cause.  The smoking his tor :es  i n  those  s t u d i e s  purported t o  

i - p l i c a t e  cadmium a s  a lung csrcinoge:? a r e  e i t h e r  not a v a i l a b l e  o r  a r e  



s u f f i c i e n t  t o  be considered a  cause  i n  themselves. Arsenic and n i c k e l  

exposure  a l s o  confound t h e  i s s u e .  For ins t ance ,  t h e  EPA d r a f t  s t a t e s  t h e  

fo l lowing  about t h e  Thun, & & s tudy :  "Of concern i n  t h i s  s t u d y  is t h e  

p o s s i b i l i t y  t h a t  the  combined e f f e c t  of increased  c i g a r e t t e  smoking and 

exposure t o  ' a r sen ic  might have se rved  t o  produce t h e  s i g n i f i c a n t  p o s i t i v e  

r i s k  o f  lung cancer observed i n  t h i s  r epor t .  T h i s  p o s s i b i l i t y  is a l l  t h e  

more d i s t i n c t  because t h e  r i s k  of lung cancer i n  the  s t u d y  was seen t o  

be overwhelmi'ng: A s u b t l e  combination of f a c t o r s  such a s  t h e  ones 

mentioned above could conceivably  have served t o  produce t h e  excess  r i s k s  

found,  even though such an e v e n t u a l i t y  is un l ike ly .  Thus, a l though  t h i s  

s t u d y  cannot  be s a i d  t o  b s  conc lus ive  with r e spec t  t o  r i s k s  of lung cancer  

from exposure t o  cadnium, i t  c o n s t i t u t e s  the  most c l e a r - c u t  evidence y e t  

l e a d i n g  t o  t h i s  c o n c l ~ s i o n . ~  (Emphasis added.) Moreover, t h i s  s t a t emen t  

a p p e a r s  t o  be a t  odds w i t h  a  subsequent s ta tement :  "Strong evidence is 

a v a i l a b l e  from t h e  Thun - e t  - a l .  s t u d y  t h a t  t h e  s i g n i f i c a n t  two-fold excess  

r i s k  of lung  cancer seen  i n  cadmium smelter  workers i s  probably no t  due t o  

t h e  presence  of a r s e n i c  i n  t h e  p l a n t  o r  t o  inc reased  smoking by such 

workers  ." 

Any matherllatically based r i s k  assessment method d e a l i n g  with a  n a t u r a l  

s u b s t a n c e  t h a t  ignores  b i o l o g i c a l  r e a l i t y  is flawed. I n  t h e  c a s e  o f  

cadmium, which i s  a  subs tance  t h a t  may be an e s s e n t i a l  t r a c e  e lement ,  

b i o l o g i c  p r o t e c t i v e  mechanisms (meta l lo th ionein  p roduc t ion)  e x i s t  t o  bind 

low l e v e l s  and thus  a s s i s t  i n  prevent ing  t o x i c i t y .  To sssume l i n e a r ,  n? 

th reshho ld  carc inogenic  a c t i v i t y  under these c i rcumstances  i s  b i o l o g i c a l l y  

i n d e f e n s i b l e  e s p e c i a l l y  whsn a  key inhala t ion  s tudy i n v o l v e s  cont inuous  



exposure  over  an e igh teen  month p e r i o d  under cond i t ions  which overwhelm 

t h e  normal p r o t e c t i v e  mechanisms i n  t h e  lung. The body should  be 

cons ide red  t o  have t h e  capac i ty  t o  r e p a i r  any minimal DNA damage t h a t  might 

p o t e n t i a l l y  occur from exposure of t h e  g e n e r a l  popula t ion  t o  ambient l e v e l s  

o f  cadmium. .The m u l t i s t a g e  model appea r s  t o  assume t h a t  t h e  l i k e l i h o o d  o f  

r e p a i r  is no t  a dose-dependent process .  The DHS s t a f f  a l l u d e s  t o  t h e s e  

mechanisms though they end up s t a t i n g  t h a t  t h e r e  is a f i n i t e  p r o b a b i l i t y  

t h a t  one molecule can cause a  mutagenic o r  carc inogenic  e f f e c t .  Even i f  

t h i s  were l i k e l y ,  some cons ide ra t ion  should  be given t o  how long i t  would 

t a k e  t h i s  one molecular  h i t  t o  e x p r e s s  i t s e l f  a s  a cancer.  I f  dose has any 

i n f l u e n c e  on the  t iming of t h i s  p rocess  and d e f i n i t i v e  cases  t a k e  20-40 

y e a r s  t o  be e v i d e n t ,  then one molecule should induce a cancer  long  a f t e r  

t h z  normal ( o r  abnormal) l i f e  expectancy o f  an ind iv idua l .  The s t a f f ,  i n  

assuming no th reshho ld ,  s t a t e s  t h a t  t h e r e  is always an excess  cance r  r i s k  

f r o n  exposure  t o  any l e v e l  of cadmium. By ex tens ion ,  t h i s  assumption would 

mean t h a t  any compound t h a t  has caused cancer  i n  animals ,  w i t h o u t  

e x c e p t i o n ,  w i l l  cause an excess  c a n c e r  r i s k  i n  people. Th i s  i s  n o t  

su2por ted  by the  a v a i l a b l e  evidence. 

An3ther p o i n t  worth covering is  t h a t  a l l  cadmium com?ounds a r e  n o t  a l i k e  

w i t h  r e s p e c t  t o  t o x i c i t y  o r  t h e i r  a b s o r p t i o n  and Gist . - ibut ion throughout  

th -  body. Table  2 compares t h e  t o x i c i t y  and absorpt ion  of va r ious  cadmium 

co:npounds. Note t h a t  cadmium s u l f i d e ,  cadmium s e l e n i d e ,  and cadmium 

su: .phoselenide d i f f e r  i n  acu te  t o x i c i t y  from t h e  o t h e r  more s o l n b l e  Cd 

cornounds and t h a t  CdS has  a  s lower  l u n g  a b s o r p t i o n  i n  t h e  c a t  and do&. I n  

a d : i t i o n ,  a  s tudy (Rusch, g g ,  submi t t ed  f o r  pub l i ca t ion  and a t t ached . )  

wan conducted comparing t h e  a c u t e  t o x i c i t y ,  t i s s u e  d i s t r i b u t i o n  and r a t e  of 



e l i m i n a t i o n  i n  r a t s  fo l lowing a 2-hour i n h a l a t i o n  exposure t o  cadmium r e d .  

cadmium yellow, cadmium carbonate  and cadmium fume. An e q u i v a l e n t  dosage 

based on cadmium con ten t  was used f o r  each tes t  subs tance .  There was no 

m o r t a l i t y  i n  t h e  c o n t r o l ,  cadmium red  o r  cadmium yel low exposed groups. 

M o r t a l i t y  wa's 3/32 and 25/32 i n  t h e  cadmiun carbonate  and cadmium fume 

exposed groups,  r e s p e c t i v e l y .  Cadmium blood l e v e l s  i n d i c a t e d  t h a t  cadmium 

from t h e  cadmium carbonate and fume was absorbed t o  a g r e a t e r  degree than 

cadmium from t h e  red  and yellow pigments.  Tbe m a j o r i t y  o f  t h e  e l imina t ion  

of cadmium fol lowing exposure t o  t h e  two p igeen t s  -das v i a  t h e  f e c e s ,  wi th  

80$ being c l ea red  wi th in  24 hours.  S l imina t ion  was s lower fol lowing 

exposure t o  t h e  carbonate and fume. The l e v e ? ~  of cadmiun in  t h e  l i v e r  and 

k idneys  were many times h ighe r  fo l lowing exposure t o  t h e  car5onate  and fume 

than  fol lowing exposure t o  t h e  red  and yel low pigments. I t  is evident  t h a t  

cadmium compounds a r e  no t  equ iva len t  w i t h  r e s ? e c t  t o  t o x i c i t y ,  abso rp t ion ,  

d i s t r i b u t i o n  or exc re t ion .  Exposure t o  t h e  two i n s o l u b l e  compounds, 

cadmium red and cadmium yel low d id  n o t  p ~ o d u c e  m o z t a l i t y  and r e s u l t e d  i n  

more , r a p i d  e l imina t ion  and f a r  lower t i s s u e  l e v e l s  o f  cadmium than was 

observed fo l lowing exposure t o  the  cadmium carbonate  and cadmium fume. 

A r e c e n t  s tudy by Oberdors ter ,  - e t  9 (Tox ico log i s t  5 ( 1 ) :  178, 1985) 

compared t h e  t o x i c i t i e s  of d i f f e r e n t  Cd comp?'Jnds t3 r a t  lungs.  Cadmium 

s u l f i d e  had l i t t l e  i f  any e f f e c t  on t h e  measursd p a r a x e t e r s  while  CdC12 and 

CdO increased  inflammatory c e l l  i n f l u x  and e p i t h e l i a l  ? e r x a a b i l i t y .  

0 
Two o t h e r  r e p o r t s  i n d i c a t e  t h e  i n f l u e n c e  sf so1uSili:p and phys ica l  s t a t e  

o f  cadmium compounds on t o x i c i t y  and d i s p o s i t i o n .  Aihara, g 



(Toxicology - 36: 109-118, 1985) showed t h a t  a  l e s s  so lub le  form of  cadmium 

remained i n  t h e  rat  lung t o  a  g r e a t e r  e x t e n t  than a more s o l u b l e  form wi th  

t h e  l a t t e r  inc reas ing ly  being found over  time i n  l i v e r ,  kidney and 

i n t e s t i n e .  Costa,  - e t  - a 1  (Cancer Research - 42: 2757-2763, 1982) demonstrated 

t h a t  c r y s t a i l i n e  CdS was a c t i v e l y  phagocytized by c e l l s  and induced 

morphologic t ransformat ion  of S y r i a n  hamster embryo c e l l s  while  t h e  

amorphous form had s i g n i f i c a n t l y  less a c t i v i t y  a t  equ iva len t  exposure 

c o n c e n t r a t i o n s ' a n d  p a r t i c l e  s i z e .  

The i n f l u e n c e  of meta l lo th ionein  on cadmium has  been i n v e s t i g a t e d .  H a r t ,  

e t  2 (Toxicology 37: 171-179, 1985) exposed r a t s  up t o  30 times t o  a  - - 
cadmium a c e t a t e  aerosol  v i a  a  nose only  procedure a t  a  concen t ra t ion  of 1.6 

mg/m3. Base l ine  cadmium lung l e v e l s  r o s e  20-fold a f t e r  30 exposures whi l e  

lung m e t a l l o t h i o n e i n  inc reased  50-fold. Lee and Oberdorster  (Tox ico log i s t  

5 (  1):  178, 1985) s tud ied  the  f a t e  o f  Cd-thionein i n  r a t  lung compared t o  - 
cadmium c h l o r i d e .  They showed t h a t  CdC12 t r e a t e d  r a t s  exh ib i t ed  d i s t i n c t  

c l i n i c a l  symptoms of g e n e r a l  and l u n g  t o x i c i t y  which was not  shown by Cd- 

t h i o n e i n  t r e a t e d  r a t s .  Furthermore CdC12 was re ta ined  i n  t h e  lung t o  a  

g r e a t e r  degree  and was d i s t r i b u t e d  t o  t h e  l i v e r  while kidney was t h e  

primary organ with Cd-thionein. Takenaka, - e t  - a 1  found r e l a t i v e l y  high lung  

cadmium l e v e l s  cons ider ing  t h a t  it was analyzed 13-months a f t e r  t h e  end of 

i n h a l a t i o n .  This  is e s p e c i a l l y  t r u e  when comparing the  Takenaka s t u d y  t o  

t h e  work o f  Lee and Oberdors ter ,  Rusch, g 2, and Har t ,  - e t  - a l .  I t  is 

obvious t h a t  t h e  Takenaka, e t  - a 1  s t u d y  imposed a lung burden on the  r a t s  

t h a t  b e a r s  no r e l a t i o n s h i p  t o  e i t h e r  l a r g e r  amounts given f o r  s h o r t e r  

p e r i o d s  o r  t o  ambient exposure of t h e  gene ra l  population. 



I n  conclusion, we bel ieve t h a t  the  avai lable  animal and worker exposure 

data  do not  present  a convincing p i c tu re  t ha t  cadmium is a lung carcinogen 

presenting a r i s k  t o  t he  general  population of Cal i fornia  through i t s  

presence i n  t h e  ambient a i r .  It should not be c l a s s i f i e d  a s  a toxic  a i r  

contaminant. 

For your convenience, we a r e  supplying copies of a l l  references mentioned 

t h a t  a r e  not  on the  l i t e r a t u r e  list. In  addi t ion,  the t i t l e  page of a CEC 

document is included f o r  completeness. 

Very t r u l y  yours, 

Martin E. Bernstein ,  Ph.D. 
Managar, Toxicology 

MEB: r p  
Enclosure 





COMPARATIVE EFFECTS OF CADMIUM COMPOUNDS 

Premise: A l l  Cadmium compounds are  n o t  equ iva l en t  w i t h  r e s p e c t  t o  
t o x i c i t y  and absorpt ion.  

CADMIUM COMPOUND SPECIES EFFECTS 

CdS Rat O r a l  LD, = >5 g/kg 

CdSe Rat O r a l  LD, = >5 g , k g  

Rat O r a l  LD, = 88-302 rnglkg 

Cd (Ac) 2 Rat O r a l  LD, = 333 m g k g  

CdC0 Rat O r a l  LD, = 438-659 m g h g  

Cd (NO3 2 Rat O r a l  LDU = 397 m g h g  

CdO Rat O r a l  LD, = 72-296 m g k q  

CdS04 Rat O r a l  LD, = 357 rngfkg 

CdO, CdC12, CdS Dog CdO and CdC12 a r e  more 
r e a d i l y  absorbed. 

CdO, CdS Cat - CdO - Immediate lung e f f e c t s  
a s  w e l l  a s  l i v e r  and 
kidney a c t i v i t y .  

CdS - Delayed e f f e c t s  (24-36 - 
hrs . )  l i m i t e d  t o  lung.  
At t r ibu ted  t o  rnechanica 
e f f e c t  of b lock ing  
passageways due t o  i n -  
s o l u b i l i t y  and s l o w  
absorpt ion.  

!.lice 

Mice 

Mice 

Mice 

Mice 

Mice 

Acute Oral LD, = 72 mglkg 

Acute O r a l  LD, = 88 rng/kg 

Acute Oral LD., .. = 93.7 mglkg 

Acute Oral LD, = 100 mg/kg 

Acute Oral LD, = 1166 mg/kg 

Acute Oral LD, = 2425 ,mg/kg 
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February 12, 1986 

Mr. Richard Bode 
ARE/Scientific Review Panel 
1800 15th Street 
P.O.Box 2815 . 
Sacramento, CA 95812 

Re : Report to the Scientific Review Panel on Cadmium 

Dear Mr. Bode: 

On behalf of our California Portland Cement Company 
subsidiary, I wish to comment upon the estimated cadmium emissions 
from portland cement manufacturing in California, as set forth 
in the January 1986 "Report to the Scientific Review Panel on 
Cadmium". I unfortunately did not receive this Report until 0 February 6; after the February 5 deadline for submitting public 
comments. However, because the Cd emissions estimate in the 
Report appears to be overestimated by at least two orders of 
magnitude, I submit the following in the anticipation that 
corrections can be made prior to the ARB hearing on listing Cd 
as a toxic air contaminant. 

.On Table 111, "Overview and ~ecommendation" (p.7), and 
Table 11-1 "Sources of Atmospheric Cadmium" (p.11-51, the 1981 
estimated emissions of Cd from cement manufacturing are listed 
as 6.5 tons/year. Calculations of this emission rate are presented 
in Appendix C (page C - 4 ) .  An analysis of these calculations 
f 01 lows : 

1. California Cement Production in 1981 

The report states that 2.93 x lo7 tons of cement were produced 
in 1981. This is incorrect and overstates the production by a 
factor of 3.7. Attached is the U. S. Bureau of Mines "Mineral 
Industry Survey, Cement Annual Advance Summary", July 15, 1982. 
Table 2 (p.4) lists the 1981 combined Northern and Southern 
California cement production as 7,878,000 tons. 

For the purposes of estimating emissions, however, clinker 
production is relevant. Portland cement clinker is the inter- 
mediate material produced in the rotary kiln - the equipment from 
whic.h the emissions in question emanate. Portland cement is manu- 



l e t t e r ,  M r .  R .  Bode 
d a t e d ,  February 12,  1986 
Page 2  

f a c t u r e d  by i n t e r g r i n d i n g  t h e  c l i n k e r  w i t h  app rox ima te ly  5% gypsum. 
T a b l e  3 (p .5)  of t h e  USBM r e p o r t  l i s t s  t h e  1981 combined Northern 
and Southern C a l i f o r n i a  c l i n k e r  p roduc t ion  a s  7 ,719 ,000  t o n s .  

2 .  ~ o n s  of Feed M a t e r i a l  

Approximately 1 . 6  t o n s  o f  f e e d  m a t e r i a l  t o  t h e  r o t a r y  k i l n  i s  
needed t o  produce one t o n  o f  c l i n k e r  ( n o t  cement ,  a s  s t a t e d  i n  
t h e  r e p o r t ) .  Thus, t h e  t o t a l  t o n s  of k i l n  f e e d  used i n  1981 t o  
produce  c l i n k e r ,  by b o t h  wet and d r y  p r o c e s s  k i l n s ,  was 

1 .6*  7.72 x l o 6  = 1 2 . 4  x l o 6  t o n s  k i l n  f e e d  

3 .  T o t a l  K i l n  p a r t i c u l a t e  Emiss ions  

A l l  r o t a r y  k i l n s  i n  C a l i f o r n i a ,  w e t  o r  d r y ,  are equipped  wi th  
f a b r i c  f i l t e r  baghouses or  e l e c t r o s t a t i c  p r e c i p i t a t o r s  t o  remove 
p a r t i c u l a t e s  from t h e  k i l n  e x h a u s t  g a s e s .  Although I c a n n o t  p r o v i d e  
a p p r o p r i a t e  documentat ion,  it i s  c o n s e r v a t i v e  t o  assume, on a  
s t a t e w i d e  average  b a s i s ,  t h a t  t o t a l  p a r t i c u l a t e  e m i s s i o n s  from 
t h e s e  c o n t r o l  d e v i c e s  comply w i t h  t h e  U.S.EPA S t a n d a r d s  of 
Performance f o r  New S t a t i o n a r y  Sources ,  Subpa r t  F, P o r t l a n d  Cement 
P l a n t s .  The r e l e v a n t  s t a n d a r d  f o r  r o t a r y  k i l n s  (4OCFR 60 .62 (a )  (1)) 
l i m i t s  t o t a l  p a r t i c u l a t e  e m i s s i o n s  t o  0.3 l b  p e r  t o n  o f  k i l n  f eed .  
Thus ,  t o t a l  1981 p a r t i c u l a t e  emis s ions  from r o t a r y  k i l n s  i n  
C a l i f o r n i a  are e s t i m a t e d  t o  be: 

12.4 x 10' t o n s  k i l n  f e e d  * 0.3 l b  p a r t i c u l a t e  = 3.71 106 
ton k i l n  f e e d  p a r t i c u l a t  

4 .  T o t a l  k i l n  Cadmium Emiss ions  

S i m i l a r  t o  t h e  methodology used by t h e  CARB/DHS s t a f f s  f o r  t h e  
Chromium t o x i c  e m i s s i o n s  r e p o r t ,  it i s  a p p r o p r i a t e  t o  assume t h a t  t h e  
c o n c e n t r a t i o n  of Cadmium i n  t h e  r o t a r y  k i l n  baghouse/ESP p a r t i c u l a t e  
e m i s s i o n s  i s  equa l  t o  t h e  Cd c o n c e n t r a t i o n  i n  t h e  d u s t  removed by 
t h e s e  c o n t r o l  d e v i c e s  ( t h e r e  a r e  no  d a t a ,  of which I am aware ,  on 
t h e  Cd c o n c e n t r a t i o n  i n  t h e  d i r e c t l y  emi t t ed  p a r t i c u l a t e ) . .  At tached 
i s  a  copy of t h e  US Bureau o f  Mines r e p o r t  " C h a r t e r i z a t i o n  o f  U.S. 
Cement K i l n  Dust1' (IC8885, 1982)  by Haynes and Kramer. A s  p a r t  o f  
t h i s  s t u d y ,  113  samples  o f  k i l n  d u s t  from 102 U . S .  p l a n t s  (11 i n  
C a l i f o r n i a )  were ana lyzed  f o r  t r a c e  element c o n c e n t r a t i o n s .  

The t r a c e  e lement  c o n c e n t r a t i o n s  i n  t h e  113 i n d i v i d u a l  k i l n  
d u s t  samples  are l i s t e d  i n  T a b l e  7  (pp.13-15). A s  t h e  e l e v e n  samples 
f rom C a l i f o r n i a  cement p l a n t s  a r e  n o t  s e p a r a t e l y  i d e n t i f i e d ,  t h e  
t h e  c o n c e n t r a t i o n  summary i n  Tab le  8 (p .16)  must be  u sed .  For  
Cadmium, t h e  mean c o n c e n t r a t i o n  i s  2 1 b g / g ,  o'r 2 1  ppm by we igh t .  



letter, Mr. R. Bode 
dated, February 12, 1936 
page 3 

Using this Cd concentration and the total kiln particulate 
emissions, the 1981 Cd emissions from cement mr-ufacturing are 
estimated to be: 

21 .parts Cd * 3.71 x lo6 lb particulate * ton - 
106 parts year 2000 lb 
particulates 

= 0;039 ton Cd/yr 

Please let me know if you or the relevant staff representatives 
have any questions regarding these calculations. As part of the 
California cement manufacturing industry, we feel that it is 
most important that the toxic air contaminant report for Cadmium, 
as well as the forthcoming trace elements, reflect the best 
stationary source emissions estimates. 

kDnId 

Dr. David S .  Cahn 
Vice Presiden2-Regulatory Matters 

Attachments 

cc: P. Hawkins 





e r e i u  of Miner Information Circular l l982 

Characterization of U.S. Cement Kiln Dust 

By Benjamin W. Haynes and Gary W. Kramer 

UNITED STATES DEPARTMENT OF THE INTERIOR 
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U. S .  DEPARTMENT OF THE INTERIOR 
BUREAU OF MINES 
WASHINGTON. O.C. 20241  

James G. Watt, Secretary Robert C. Horton, Director 

For in fo rma t ion  c a l l  Sandra T. Absalom, C e ~ e n t .  Annual Advance Summary 
cement s p e c i a l i s t . '  o r  

Riena M. Lac ro ix ,  s t a t i s t i c a l  a s s i s t a n t ,  
Telephone: (202) 634-1184  

CMENT I N  1981 

U.S. cement consumption and product ion slumped i n  1981 t o  t h e  lowes t  l e v e l s  s i n c e  1975, 
a c c o r d i n g  t o  t h e  Bureau of Mines, U.S. Department of the  I n t e r i o r .  Cement demand, which 
d e c l i n e d  f o r  t h e  second s u c c e s s i v e  yea r ,  r e f l e c t e d  reduced a c t i v i t y  i n  t h e  c o n s t r u c t i o n  
i n d u s t r y  and g e n e r a l  weakness i n  t h e  U.S.  economy. For exanple,  t o t a l  v a l u e  of con- 
s t r u c t i o n ,  i n  terms of c o n s t a n t  (1977) d o l l a r s ,  decreased  3.5% t o  $155 b i l l i o n ,  according 
t o  d a t a  publ i shed  by t h e  U.S. Department of Comerce .  Housing S t a r t s  decreased  16% t o  
1.1 n i l l i o n  u n i t s .  

Impor ts ,  a  s e n s i t i v e  i n d i c a t o r  of domestic cement demand, d e c l i n e d  24% t o  4 m i l l i o n  tons .  
and accounted f o r  5% of consumption, compared w i t h  7 2  i n  1980. C l i n k e r  impor ts  were 31% 
o f  t h e  t o t a l ,  compared w i t h  36% i n  1980. In  a  d i s p l a y  of op t imisn  f o r  recovery  i n  cemer 
demand, s e v e r a l  t e r m i n a l s  f o r  transshipment o f  imported cement began o p e r a t i o n s  i n  
C a l i f o r n i a ,  Maine, and New York. 

Shipments  of  po r t l and  and masonry cement from U.S. p l a n t s ,  exc lud ing  P u e r t o  Rico, a t  71.7 
m i l l i o n  tons .  were 6% l e s s  than 1980 shipments  and 16% l e s s  than 1979 s h i p e e n t s .  N O  
r e g i o n a l  s h o r t a g e s  occurred  du r ing  1981. Shipments decreased by a t  l e a s t  5% t o  a l l  
g e o g r a p h i c a l  r e g i o n s  except  New England (up I % ) ,  and t h e  Vest South C e n t r a l  and Mountain 
r e g i o n s  (up 2% each) .  Shipments dec l ined  most s e v e r e l y  t o  t h e  E a s t  North C e n t r a l  (down 
13%) and P a c i f i c  r e g i o n s  (down 12%).  

Two new p l a n t s  i n  Alabama and Utah c o l l e c t i v e l y  added more than 2 m i l l i o n  t o n s  per year  
t o  domest ic  cement product ion  c a p a c i t y  i n  1981. Seven o t h e r  p l a n t s  completed modernizat ion 
programs t h a t  added approximately 3.5 m i l l i o n  t o n s  t o  U.S c a p a c i t y .  Most of  t h e s e  p l a n t  
expans ions  occurred  i n  C a l i f o r n i a ,  and a l l  of them were west of t h e  M i s s i s s i p p i  River .  

Prepared  i n  t h e  Divis ion  o f  I n d u s t r i a l  Mine ra l s ,  J u l y  15.1982.  



CIBA-GEIGY Corporation 

Ardriey. New York 10502.2699 
Teieohone 914 478 3131 

a June 18, 1986 

Mr. Cliff Popejoy 
California Air Resources Board 
1102 Q Street 
P. 0. Box 2815 
Sacmwnto , California 95812 
Re: Cadmium 

Dear Mr .  Popejoy: 

Ehclosed, as disa~~sed, is a toxicolq report on studies in prapss on 
various cadmium ccnnpounds. These long term dent inhalation expsriments show 
that different cadmium ccnnpounds &it dissimilar toxicity and distribution 
patterns, a conclusion that can be damstrated by amparing the graups with 
similar exposux schmes. 

Thusg hamsters exposed to cadnj.um oxide for 49 weeks at a concentration of 90 
ug/m shmed a similar mpility to those exposed to cadhnium sulfide pigment 
for 44 weeks at 1000 u g h  , a dose which was approximately 10 thws greater. 

Additionally, the distribution patterns in these two groups also showed 
differences between caWum oxide ard cadhnium sulfide. Analysis of lung 
concentrations revealed that the cadmium sulfide exposed animals had about 15 @ tines mw c a W m  present than the cadhnium oxide exposed Miasrls but sidlar 
kidney levels. This could i rd ica te  that increased lung levels of insoluble 
cadmium sulfide pigment are excreted via the gastru-intestinal tract rather 
than being absorbd into the circulation anl distributed to the kidneys. 

FmUxmore, the cadmium flllfide exposed ham&ers did not have lung edem or 
proteinosis which was seen in hamsters ard mice expsed to lower cnncentrations 
of c&mium oxide for shorter pericds of time. In addition, the cadmium 
sulfide hams- had a lower incidence of bromhio-alveolar hyperplasia, lung 
cholesterol crystal deposits anl fib10si.s when the differences in concentration 
ard expsure time are taken into account. 

According to Dr. Heinrich, no cactdum-related carcinogenic effects have been 
obsemed in any of these ~~ as of March, 1986. I will keep you 
info& of any additional information on these studies. 

Martin E. Bernstein, Ph.D 
Manager, ~ m l o g y  
Safety, Health & Ecolcgy 





I n h a l a t i o n  E x p e r i m e n t s  i n  R o d e n t s  f o r  T e s t i n g  t h e  C a r c i n o -  

g e n i c i t y  o f  Cadmium Compounds 

U. Heinrich, R. F'uhst, H. K h i g ,  L. Peters ,  F. Pott, S. ~akenaka 
Raunbfer I n s t i t u t  fiir TcDdkolcgie und Aerosolforscfiung 

Ll-3000 l3anmver 61, Nikolai-Pucks-Str. 1 ,  FlaCI 

Society of Taxicolcgy, 25th Anniversary Meting,  March 3-7, 

1 986, N e w  Orleans, LouisiaM 

Poster Session 



I *n . Ia t lon  o f  12.5. 25 and IOvq C a d e ~ u s l e '  I* CdCl, f a r  
snou t  IS0 U r s l r e a L  f o r  16 sentus Iuducad l ung  C r r C l n O ~ a s  
~n  r a t s  ( t a k e n a k ~  a t  11. 1913 I. t h e r e f o r e  t h a  c a r c l n o -  
q e n l c  e f f e c t  o f  o t h a r  Cade lm  compounds and t h e  s u s c e ~ 1 l -  

~ 1 1 1 t y  o f  o t n a r  spac les  should be l nves t l qa tad .  

I n  c n t s  onqo lnq aroer tment  s a l e  an4 female Sy r tan  go lden 
r a e s t e r s  and famala e l c a  ( 1111 J I r a  eaoosed t o  r a r o s o l s  
o f  4  d l f f a r e n t  Caemlue compounds on S  dayslwaak. f o r  
19 n r s l d a y  o r  I h r s l d a y  f o r  12-11 montlts. A f t e r  t a r 8 l -  
n a t ~ o n  o f  t n a  enoesure the r n l e a l s  a ra  k e o t  i n  c l e a n  air 
f o r  ano the r  6-12 ron tns .  Tha Cd-aloosura I s  C a n l n a t a d  
pr .er rura ly  If t h e r e  I s  r s u b s t a n t l s l  l o s s  of body .eight 

o r  I n c r e ~ s e d  m o r t l l l t y .  

The Ca-aaroso ls  a r e  gane ra t l d  by r t o m l x l n g  CdC12 and 
CoSO, solutions and by  naou l l x tnq  CdS suspensions. CdO 
d u s t  a e r o s o l s  17. p r n d u ~ a d  by a t o e l x l n q  Cd-acatace 
s ~ I u t I o n s  v I t h  s u P s a ~ u 8 n t  t y r a I l x a t l O n  of t h e  Cd-aarosol  
1% 750.C. t h e  Ed0 fumas i r e  penerI t Id,by a r a p o r t t l o n  m d  
ox lda%lOn  07 e e t a l l l c  Ca fro* Cd e l e c t r o d a s  I n  an 
e l e c x r t c  arc. 
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d l a e e t a r  of t h e  ae roso l s  I s  0.2 - O.6um. 

The Cd.concantratlon In t h e  h o r t z o n t a l  f l o w  axPoaura 
c n l m a e r r  1% a t t a n i n e a  d a l l y  by rnr l ,z laq f i l t e r  s a o o l a r  

A t  c n a  and o f  t h a  axoar lnent  a c0mPrehanslve h l s t o p r t n o -  
I o ~ ~ c a l  e x a m t n r t l o n  r l l l  be parformed and t h e  Cd c o n r e n t  
of lung.  l l v e r  and kldnay r l l l  ba d e t a n l n a d .  
Soma o r a l l e l n a r y  r e s u l t s  I r a  tIDor%Id. 
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Codm'm Cmlwnl 01 H o r m l n  Lung . Llrwr on6 Kldney ot thw End o l  
E.~~rlrn.nlol l imn I I Emasur. Clean Al l  l i i .1 

[wen cne eroosure o f  hamrzerr t o  only 90110 CdIm' 
I n  CdO f o r  19 h r s l d r y  caused an InCreesea .or- 
r x l l t y  a f t e r  an ezoozure time of leas then 1 year. 

Mor la i i ty  Rate a f t e r  Termination o f  Cd  Exposure 

Codmium Conlent o f  Hornslcr Kidney 1 - L Weeks 
a l t e r  l c r m i n o l i o n  o f  Exnosure 

tpM 

Due t o  very low r o l u b l l l t r  of CdS. therw r r s  no malor 

d i f fe rence  I n  the  kidney Cd-content of baer te r r  e x ~ o s e  
t o  lOup Cd I n  CdO o r  SOOOug Cd I n  CdS I l rb.7).  

Cornoared t o  the CdO group tnw content o f  tne lungs o r  
tne CdS exDosed anlmelr a t  the end o f  the ez~eraoen t  
-as about 15 t lmer  h lgner  fTab.81. 

Even S I  weeks a f t e r  t e n l n a t l o n  of t h e  exDosure t o  
2 7 0 ~ 0  Cd an LC0 ( I l ueek r l .  t ho  Cd-content i n  the  moure 
lung was s t l l l  I 6ug lg  w-at. I?rb.91. 

The Cd-content of the va r lou r  organs of con t ro l  rntmal!  
r e r  f a r  beIOU l v g l g  r.rr. 

m e  Cd-concentration war detemlnwd on r Perkln-Llmer 
2310 * t O m I C  #bSOtDtlOn IOeCtrODhOtomeCer eaUtDDld Wlth 
an a l r -acety lene burner. ?me t l r r u e  n rmo l t r  10.2Sql 
were dlqeSt*d r l r h  n l t r l c  r c t d  under p r t a r u r e  a t  t6O.C. 

- rald i l y  
Conrrmnlm Tr*~rn.* . l  ssmns.r I controls 1 
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al Utce. 2 7 0 ~ 0  C a l m o  an COO. 11 reels o f  t.@osure + $1 
ueers Clean At?. 

Kldntys. Llrtr: no elnosure related cnanqes. 
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cnoIcsterol crystals SO a 52 a 
cnlckenea scot# 43 I 28 1 
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11OntVS: 
7 
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(vvcaaoly not Cd rn0u:eal 

Conrluslens: 

1 1  NO ~ r o n c n l o - a l r e o l r r  I ~ y c e r c l ~ s ~ a  Is found after 
I! weeks 0 1  CdO ~ X O O S Y I e  In mice but alter 

26 reers of ezposure r n  namsters. 

21 o , ~ a e ~ t l ~ r o t a l n o s ~ s  w e r e  not observed in CdS eloosea 

nemsters. 
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August 20, 1986 

Mr. William V. Loscutoff 
Chief, Toxic Pollutants Branch 
Air Resources Board 
P.O. Box 2815 
Sacramento, CA 95812 

RE: Cadmium 

Dear Mr. Loscutoff: 

The Council has reviewed the revised draft health 
effects report on cadmium, and appreciates the opportunity 
to submit these brief comments on several important policy 
matters that are addressed in the report. We are concerned 
that the health effects assessment does not accurately 
reflect the range of risk that may be posed by cadmium, 
because Department of Health Services' staff has chosen to 
exclude the very real possibility that there may indeed be 
no risk at measured ambient concentrations. 

We can understand the basis for incorporation of the 
worst case policy assumptions DHS uses to emphasize the 
maximum possible upper bound risk (although we believe that 
risk assessments should also present the "most likely" risk 
estimate). However, such emphasis should not exclude an 
objective presentation of the very real possibility that a 
threshold may exist at concentrations a thousand times 
higher than the highest average concentration reported in 
California. In its 1985 "Updated Mutagenicity and Carcino- 
genicty Assessment of Cadmium", EPA objectively presented 
the possibility that a threshold might exist, and indicated 
that under such a thresholod assumption, a constant lifetime 
exposure to 10 micrograms per cubic meter would produce zero 
risk. 

While we recognize that the existence of a threshold 
cannot be proven or disproven, the Air Resources Board needs 
to know the relative weight of the evidence regarding the 
plausibility of such thresholds when it is faced with making 
risk management decisions. The report does not convey to 
decision makers the particularly high degree of uncertainty 
associated with the estimated risk for such low levels as 



Mr. Loscutof f -2- August 20, 1986 

those measured in the state. Accordingly the Council recommends tha 
the health effects assessment be revised to state that the risk is 
estiyated to be zero to 12 cases per million persons exposed to 1 
ng/m . We also recommend that all future risk assessments contain a 
similar objective presentation of the threshold model. 

Evelyn Heidelberg 
Vice President J 

EFH : cpr 



CIBA-GEIGV Corpormtion 

Ardsley. New York 10502-2699 
Telephone 914 478 3131 

CIBA-GEIGY 

August 18, 1986 

Mr. William V. Loscutoff 
Chief, Toxic Pollutants Branch 
Air Resources Board 
P.O. Box 2815 
Sacramento, California 95812 

RE: CADMIUM 

Dear Mr. Loscutoff: 

CIBA-GEIGY Corporation appreciates the opportunity to comment on the 
June, 1986 revisions to Part B of the ARB Report on Cadmium. 

Your group has continued its rational approach for dealing with a 
difficult issue, namely, whether substances present in the ambient air 
present a risk for the population of California. Your conclusion that 
cadmium is a toxic air contaminant is based on a risk assessment made by 
extrapolating data from the Thun, et al. study which purportedly demon- -- 
strates a relationship between occupational cadmium exposure and an 
increased incidence of lung cancer. A number of assumptions and con- 
clusions have been made in the assessment process that require comment. 

1. Thun, et al. (1985). -- 
This study forms the basis of your assessment. It is currently 

undergoing a more detailed review. This will be discussed at an 
upcoming symposium, chaired by Sir Richard Doll, dealing specifical- 
ly with the adequacy of epidemiologic studies on cadmium to classify 
it as a carcinogen. We have learned that at least one person whose 
lung cancer was attributed to cadmium is also included in another 
study where his lung cancer has been attributed to asbestos. In 
addition, a previously unconsidered confounding variable is possible 
exposure to radon. The plant under investigation is located in 
Colorado. To my knowledge no radon measurements have ever been made 
either at the plant site or in the surrounding communities. Since 
radon can cause lung cancer, this is an important factor which 
should be clarified. 
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2. ThresholdINon-Threshold Concept. 

This matter was discussed in our previous comments. It is 
of interest that your reviewers consider negative in viva mutation -- 
studies as being insensitive tests as opposed to being indicative 
that the body can effectively handle small doses of cadmium; i.e., 
exhibit threshold characteristics, at concentrations that might be 
present in ambient air. In fact, the absence of a carcinogenic 
effect in the Thun study at the two lowest doses indicates that a 
threshold does exist even in the workplace and would exist for 
ambient air where exposure is a thousandfold less. According to the 
authors. "The excess of deaths from lung cancer was statistically 
significant only for the stratum of workers whose cumulative 3 exposure to cadmium exceeded 2920 mg-dayslm , the level corres- 
ponding tg a 40-year exposure above the current OSHA limit 
(200 uglm ). Workers whose cumulative exposure was below ghe 40-year equivalent of the NIOSH recommended TWA of 40 ug/m showed 
no excess of lung cancer deaths." 

Support for the concept of a threshold is derived from two other 
facts. First of all, excess cadmium can stimulate metallothionein 
synthesis which is known to detoxify cadmium following continuous 
low level exposure (Webb, M. (1979) in "Metallothionein". Kagi & 
Nordberg. editors. pp 313-20). Secondly. it is known that zinc and 
cadmium interact and compete for protein and enzyme binding sites. 
Your own reviewers acknowledge that zinc can reverse and/or prevent 
cadmium toxicity. The Thun study demonstrated that a critical 
concentration of cadmium was achieved only with the high dose 
workers. This critical concentration or threshold was not reached 
with the low dose workers. It would similarly not be reached by the 
general population of California which is exposed to relatively low 
ambient air levels of cadmium and which has zinc available in food, 
ambient air and mineral supplements. 

3. Other Considerations. 

3.1 Ambient Air - Occupational Exposure Relationships. 
The use of occupational health standards to obtain an ambient 
air level is controversial and not uniformly accepted. 
Calabrese (Regulatory Toxicology and Pharmacology 6: 55 - 9, 
1986) has stated, however, that "the methodology o? dividing 
the TLV by 420 is consistently more conservative or protective 
than that erived from actual data". The ACGIH TLV for cadmium !l is 50 ug$m ; dividing by 420 gives a safe ambient air level of 
120 nglm . Adoption of this value would provide a 3-fold 
safety factor over the "hot spots" and an approximate 50-fold 
safety factor over average California ambient air. 



3.2 Dose Rate - Total Dose 
At least one carcinogenicity study compared the relative 
effects of dose rate versus total dose (Littlefield, N. A. and 
D. W. Gaylor. J. Toxicol. Envir. Health 15: 545 - 50, 1985). 
In this study, it was found that "when the total doses were 
similar, the higher dose rates for shorter time periods induced 
a higher prevalence of tumors. Those groups dosed at higher 
rates but for fewer months had a generally higher prevalence 
than those receiving similar total doses but at lower rates for 
more months". 

Certain cadmium inhalation studies in the rat also show the 
influence of dose rate. Oldiges & Glaser (Trace Elements in 
Medicine 3: 72-5. 1986) administered cadmium oxide continuously 
to  ist tar rats for 22 hourslday. 7 days a week for either 218 

3 or 324 days at a concentration of 90 uglm . Exposure had to be 
terminated at this point because 12/40 animals had died. In 
the context of the interaction between zinc and cadmium dis- 
cussed earlier, it is of interest that this concentration of 
cadmium oxide did not cause any mortality in 40 rats exposed 
simultaneously to zinc oxide for 374 days. In contrast, in a 
study by Kaplan. Blackstone & Richdale (ERDA Symp. Ser. 42, 
77-97, 19771, Sprague-Dawley rats tolerateg exposure to cadmium 
oxide at a concentration of about 300 uglm for 7-8 hours/day, 
5 dayslweek for 9-13 months without any reported mortalities. 

3.3 Ef fect of Smoking 

It is acknowledged that cigarette smoking can contribute to the 
body load of cadmium. Post. Johansson & Allenmark (Environ. 
Res. 34: 29-37, 1984) autopsied 5 male heavy smokers between 65 
and 7ryears of age within about 3 days postmortem. They 
measured cadmium levels and degree of protein binding in the 
lungs, liver and kidneys. They found that human lungs contain 
a low molecular weight protein which binds cadmium and which 
appears to be similar to that found in the liver and kidneys. 
A lesser degree of cadmium binding was seen in the lungs 
compared to liver and kidneys. 



3.4 Extrapolation 

The extrapolatio; .2f animal studies to estimate human risk 
requires sophist ted statistical procedures and many 
conservative bio~ogical assumptions. Therefore, the use of 
human data is always preferred in estimating human risk. 
Thus, it is of interest that methods for species extrapolation 
were used with the data from the Thun, g & human epidemi- 
ology study, which demonstrated a purported effect group 
(high-dose), a no-effect group (low-dose), and an intermediate 
effect group (mid-dose). Extrapolation should not be necessary 
for an adequate human study which demonstrates a no-effect 
level, particularly at a dose many times higher than ambient 
air concentrations. 

In summary, we have presented our rationale for not considering 
cadmium as a toxic pollutant at ambient concentrations. Our reasoning is 
based on the facts that data exist showing that human lung tissue con- 
tains a cadmium binding protein considered to be metallothionein. 
Metallothionein is known to detoxify cadmium at continuous low levels of 
exposure. Zinc can also reverse and/or prevent cadmium toxicity. Animal 
studies have clearly demonstrated that different responses to inhaled :r 

cadmium exist and are related to a concentration-time response. Human 
. 

epidemiology studies have shown that a toxic dose rate is many orders 
of magnitude higher than what the general population of California could 
experience at ambient air levels of cadmium. We contend, therefore, that 
no basis exists for classifying cadmium as a toxic air contaminant at 
ambient air concentrations nor is there substantiation for being "unable 
to identify a level below which adverse health effects are not expected 
to occur." 

1 have enclosed one copy of each article mentioned. 

Yours truly. 

MEB7/21/vk 
Encs. 

Martin E. Bernstein, Ph.D 
Manager, Toxicology 



Mortality Among a Cohort of U.S. Cadmium 
Production Workers-an Update ' 

eal J. Thun,  M.D., M . S . ,  1 Teresa M .  Schnorr ,  Ph.D., Alexander Blalr Smlth, M . D . ,  M S . ,  
m E .  Halperln, M . D . ,  M . P . H . ,  and Richard A. Lemen, M . S .  2.3 

ABSTRACT-A prevlous retrospective mortality study of 292 U.S. 
cadmium production workers employed tor a mlnimum of 2 years 
showed increased monal~ly lrom resplralory and prostate cancer 
and lrom nonmalignant lung d~sease. To examine further the 
mortal~ty experience of these workers, investigators lrom the 
Nat~onal lnstllute lor Occupat~onal Safety and Health extended the 
study to include 602 white males with atleast 6 months 01 
production work in the same plant between 1940 and t%9. Vital 
status was determmed through 1978, which included the addition of 
5 years to the original tollow-up. Cause-specific monality rates for 
seven causes of death potentially related lo cadmlurn exposure 
were compared between the overall cohort and U.S. while males 
and between subgroups. Mortality from respiratory cancer and lrom 
nonmailgnant gastrointestinal disease was signiticsntly greater 
among the cadmium workers than would have been expected lrom 
U.S. rates. All deaths lrom lung cancer occurred among workers 
employed lor 2 or more years. A statistically significant dose- 
response relationship was observed between lung cancer mortality 
and cumulative exposure to cadmium. A 50% increase in lung 
cmcer mortality, which was not statistically significant, was 
observed even among workers whose cumulative exposure to 
cadmium was between 41 and 200 ,,g/mJ over 40 years. Since the 
P.-vious investigation, no new deaths from prostate cancer and no 

IS 01 deaths lrom nonmalignant respiratory disease have been 
wed.-JNCI 1985: 74:325-333. 

In  1976, Lemen et al. ( I )  published the rcsulu of a 
study o n  cancer mortality among cadmium production 
workers at a U.S. cadmium recovery plant. Using 
national white male rates for comparison. Lemen et al. 
reported a statistically significant excess of deaths from 
respiratoy cancer (Obs= 12; SMR=285j, from nonmalig- 
nant  respiralor). disease (Obs=8; ShIR=159), and. 
among workers with 20 o r  more years since first employ- 
ment, from prostate cancer (Obs=4; ShIR=452). The  
Lemen study included only hourly workers employed for 
2 o r  more years between January 1, 1940, and December 
31. 1969, and followed these workers through 1979. 

A number of previous epidemiologic and experimental 
studies had suggested that cadmium might cause cancer 
of the prostate. T \vo  occupational reports (2,jl)described 
excess mortality from prostate cancer among cadmium 
workers at a small British alkaline bat ten plant. Cad- 
mium,  like zinc. is known to concentrate i n  the prostate 
gland (4-51. Sumerous  toxicologic studies (6-13) have 
shown that injection of cadmium m e u l  or salts into 
laboraton rats produces sarcomas locally and more 

e rant interstitial cell tumors of  the testes. O n  the basis 
these findings, the ]ARC (14) concluded in  19i6 that 

occupational exposure to cadmium i n  some form 

(possibly the oxide) increases the risk of prostate cancer 
i n  man." Subsrantial conuoversy continues, howcvcr. 
and  although several subsequent epidemiologic studies 
(15-18) have found inaeased mormlity from prostate 
cancer among occupational groups, other studies (19-21 ) 
have not. 

Still more conuoversial is the possible relationship 
between cadmium and lung cancer. At the time of the 
lARC workingcommittee, only iheLcmcn etal. (1)study 
had found excess mortality from respiratory cancer. 
interpretation of that study was complicated because 
some of the long-term workers in the cohor: also had 
been exposed to arsenic during the 1920's when the plant 
functioned as an  arsenic smelter. Concern about the 
potential carcinogenicity of cadmium to the lung has 
increased, however, due to recent animal data. Takenaka 
et  al. (22) exposed rals conunuously to cadmium chloride 
aerosol and found a dose-dependent increase in lung 
tumors at exposure levels well within the current 
occupational limit. 

Because of continuing concern about the effects of 
chronic cadmium exposure on mortality, N O S H  has 
extended the follow-up of the cohort first described by 
Lemen et al. (I). T h e  present report describes the 
mortality experience of the group through 5 additional 
years of observation, ending December 31. 1978. In 

Aaaarvl~nohs usro O=conl~drnr r  intrnxl. Exp=cxpc ld .  HIS= 
Hcalth Iriuwtrr Sunc!: IARC= Intunat~onal  Aecnn lor R n n r c h  on 
Cancn; l ~ ~ = l n a r n a ~ o n a l  Clanifiocion of 6scak: NIOSH=S.a. 
tional lns t i tv~c  lor Occupational Safety and Hnith: NMGln-noal. 
malignant gaswointndnal discax; Obs=obxrvd. OSHA=Orcup 
tional Safcty and Hcalth Adminisurtion: PEL=pcnni~siblr cxporurc 
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T r x T r ~ c t ~ a r  I-Cumulat~vr dtstribut~on d rncdun 
urtnr ndmivm lrrrls amnnR 261 m r m k n  of th? 
cohorl W I I ~  at Itall one urtnr ddmzum mosurr 
mrnl T t r  mcdnn urlnr n d m ~ u m ,  In rnioogram~~ 
I ~ l r r ,  was rompvld lor each vorkcr lor whom urlnr 
urnylrs wrrr a n ~ h b l r .  

Median Urlne Cadmium Level (pg!l) 

m the Lemen cohort. SlOSH identified the cohort 
I with a representative from the company and 
iewed the list with senior union officials. 
-or each worker, cumulati\e exposure to cadmium was 
culated according to length of employment and jobs 
thin the plant. Because many of the personnel records 
xified general work categories rather than single 
>artrnents, we categorized each period of a worker's 
~ployment into one of 5 broad job categories; e.g.. 

z. 1 included production work in any of 6 "highv- 

;@' e departments. including sampling, roasting and 
g use. miring,  calcine, foundry, and retort. Category 
ncluded production work in the solution, tank house, 
d pigment departments. The average exposure to 
.borne cadmium for each of these composite categories 
IS calculated on the basis of the industrill hygiene data 
table 1 (23), with each department contributing to a 

:ighted average according to the proportion of workers 
ually employed there. Each worker's cumulati\~e expo- 
re over time was iomputed as the sum of the number of 
ys worked i n  a given job category multiplied by the 
erage inhalation exposure of that category for the 
levant time period. Cumulative exposure was expressed 
mil l igam days per cubic meter (mg.days/ms). 

T h e  v i t a  status of all workers in the cohort \\.as 
 ermined as of December 31. 1978. Follow-up pro- 
dures used the records of the Social Security Adminisua- 
,n. of the state vital statistics offices, and of the 
Impany and union and direct telephoning. Death 
rtificates were obtained for persons known to be 
.ceased and were coded by a qualified nosologist 
cording to the protocol of the ICD revision in effect at 
e time of de3th. The codes were subsequently converted 
the seventh re\ ision codes for the analysis (25 I. Cnder 

e rules of this and subsequent revisions, cancer is coded 
tb- underlying cause of death if the immediate cause of 

"unmis~akabl! a direct sequel of" the malignant 
Deceased workers for whom no death certificate 

has yet been located were assumed dead on the date 
specified by the reporting agency, with cause of dcath 
unknown. Persons lost 10 follow.up were assumed to be 
alive-which might possibly result in overestimation of 
cause-specific expected deaths. 

The mortality experience of the cohort was analyzed 
with the use of a modified life-table system developed by 
NlOSH (25). In this system, a worker accumulates PYAR 
upon completion of the eligibility period (in this study, 
at 6 months of employment). T h e  PYAR are specific for 
5-year age groups, calendar periods, and years since first 
employment (latency). An expected number of deaths is 
calculated by multiplying U.S. white male d e a ~ h  rates by 
the corresponding age and calendar-year PYAR cate- 
gories. T h e  resulting quantities are summed over all ages 
and years to obtain the total expected numbers. The 
observed numbers of cause-specific deaths are compared 
with the numbers expected. The  ratio of observed-to- 
expected deaths multiplied by 100 is expressed as h e  
SXlR. 

In the initial analysis, in which mortality in the 
cadmium workers was compared to that of the general 
U.S. white male population, the causes for which excess 
mortality or morbidity were observed in previous studio 
of cadmium workers were considered a priori to be oi 
particular interest. Those of central concern included 
deaths from prostate and lung cancers (1,20) and from 
nonmalignant respiratory and renal diseases (6, IS, 16). 
Other conditions for which a priori concern has becn 
raised include hypertension (6.261 and renal cancer (27). 
Mortalit!. from A'hlGID also was examined because of 
the acute gastrointestinal toxicit! of cadmium and 
because of reports of chronic gasuitis and gastrointestinal 
ulceration (26-30). Although in each case cadmium is 
suspected of causing an excess of mortal~ty, we present 
95% CI. corresponding to a two-sided alpha level of 0.05. 
throughout this paper. Where the 95% Ci includes the 
null but the 90% does not, we present both. CI were 



TAE,E 2 --I't~ol afntw o.fu~htlr malr rodm~um prcducltun current OSH.4 200 pg/m' PEL. would result in a 
uorkrrr by rmploymmf d u r a l m  cumu~ative exposure of up to 2.920-mg-days/m'. 

Workers. No. (%I. ernrlrred. 
Worker  su:us 

6-23 mo 2- vr Total 

calculated with the use of Fisher's exact CI ( i f  either the 
observed or expected was less than 10,or approximate CI 
(if obser\rd or expected frequencies were 10 or more) (31). 

For selected causes of death we examined mortality in 
relation to cumulative esposure to cadmium. For sub- 
group comparisons we used the directl! standardized 
SRR as the measure of effect (32). T o  compute these, the 
a~e.specific and calendar time-specific rates of the 
subgroup were multiplied by the corresponding PYAR 
cells of the standard population-here the PYAR distri- 
bution of the overall cadmium cohort. The results were 
summed to yield the expected numbcr of deaths that 
would occur in the overall cohort were the rates of the 
subgroup to apply. This  total numbcr of expected deaths 
was divided by the total number of PSAR in the overall 
cohort to yield a directly standardized mortality rate. T h e  
ratio of this rate to the standardized rate for the overall 
cohort, if U.S. age, sex, race, and calendar-period rates 
applied, yielded the SRR. 

T o  analyze mortality by cumulative exposure, we chose 
the exposure categories a priori, on the basis of current or 
proposed regulaton s~andards  and on rhe assumption 
that such standards are intended to protect a worker over 
a 40-year working lifetime; e.g.. 40 years' exposure to 
cadmium at  or below the current N O S H  proposed TWA 
of40 ~ ~ g ' m '  would result in a cumulativeexposureof u p  

. to 584 mg-days/mf. Forty years' exposure to cadmium at 
levcls above the current N O S H  TIVA, but within the 

RESULTS 

Because of the small numbcr of nonwhites and females 
(tolal= IS) in the cohor~,  we restricted the analysis to the 
602 white males. Table 2 shows !he vital status of these 
workers, by duration of employment, as of December 31, 
1978. 0 1  these. 41 1 wcre alive, 179 were dead. and 12 
(2.0%) had unknown viul status: 43% had been employed 
for less than 2 years. 

Text-figure 2 shows the distribution of the cohort by 
year of first employment. Two-thirds of the individuals 
had slarted work before 1949 and thus could be followed 
beyond 30 years. Nearly 83% had over 20 years ol 
follow-up. 

Table 3 compares the number of cause-specific deaths 
among the overall cohort with the number expected. 
based on U.S. rates. A deficit was observed in morlalirv 
from all causes (SMR=95; 95% C1=81-1 lo), due - to a 
deficit in diseases of the circula~on. svsrem (S.MRz65; 
95% CI=49-85). Significantly increased mortality was 
observed for respinton cancer and NMGID. The  excas 
of nonmalignant respiratory disease was not statistically 
significant in the oven11 cohort. 

Twenty deaths were due to respiratov cancer. all 
among workers with over 2 years' employment and all 
due to cancers of the lung, trachea, and bronchus. 
Expected deaths were 11.49 in this more specific subgroup 
(ICD code 162-169), which was subsequently called lung 
cancer. Two of the deaths from lung cancer were initially 
miscoded as being due to other causes. Inasmuch as the 
immediate causes of ~hese 2 deaths were unmistakably 
d i r m  sequels of malignant conditions, the deaths were 
recoded to lung cancer in accordance with the rules of the 
1CD Seventh Revision. Analysis that excluded these cases 
yielded an SMR for lung cancer of 157 (18 Obs vs. 11.43 
Erp; 95% C1=99-249; 90% CI=10?-234). 

Trsr.nr.t.~r 2.-Cumulative distribution b) y o r  ol 1 DO 
farst cmplo?men~ [or cadmium production workrrr 
~ncludrd in cohort. 20 yrs. 01 follow-UD 182 .5~~1  

30 yrs. of follow-up 1i4.3'0) ------- 
Cumulative 60 

Percent 50 

1910 1920 19s 1&0 1 1960 1970 ~ n d  o: 
Follow-u; 

Year of First Employmenl 
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Cause c! death ICD. 7th KO of deaths 
revision n ~ .  SM R 95% CI 

a ~ ~~ -~ 

!tl~limant neoplasm 140-199 4 1 36.46 112 61-153 
Dipestive system 150-159 7 10.85 65 
Respiratory system 

26-133 
160-164 20 12.15 165 101-254 

Genitourinary tract 177-182 6 4.45 135 43-293 
Lymphat~c and hematopietic 200-205 3 3.37 89 li-270 

tissues 
Other unspecified neoplasms 

Diseases of the c~rculatory system: 400-468 
Heart disease 

Sonmalisnant respiratory diseases 470-493. 
500-52i 

Acute infections. influenza. 470-493 
~neumonia 

other respiratory diseases 
S h l G l D  

All other causes 
All  causes of death 

Of the 6 deaths from genitourinary cancer. 1 was due to 
renal cancer (vs. 0.92 Exp). 2 tocancers of the bladder and 
other urinary organs (vs. 1.10 Exp), and 3 to prostate 
cancer lvs. 2.20 Exp). No new deaths from prostate cancer 
were observed since the Lemen et al. report (I). 

One of the original prostate cases was a plant guard 
who was excluded from this cohort because he had not 

'red 6 months in a oroduction area. Another deceascd ba er had prostate cancer listed as a contributing cause 
eath but could not be included in this analysis 

because prostate cancer was not listed as the underlying 
cause of death. T h e  remaining 3 deaths from prostate 
cancer had occurred among workers with 2 o r  more years 
of employment and 20 or more years of observation (vs. 
1.41 Exp; ShIR=213; 95% C1=44-622). 

Sixteen deaths occurred due to nonmalignant respira- 
t o n  disease: 7 of these involved workers employed for less 
than 2 years. T h e  death certificates of 3 workers men. 
tioned silicosis. Silica exposure may have occurred from 
work with refractory brick in furnace areas of the plant 
but is undocumented. One of the workers whose certifi. 
caw mentioned advanced silicosis had been employed for 
only 1 year, suggesting that the esposure had occurred 
elsewhere. 

\Ye noted 9 deaths from NhlGID. excluding cirrhosis. 
The death certificates of 6 of these suggested peptic ulcer 
disease. >lost of the deaths from NhlGID were of long. 
term employees, whereas 5 of the 6 deaths attributed to 
cirrhosis involved short-term workers. 

So excesses were noted for deaths attributable to 
hyp5rtension (3 Obs; 9.22 Expjor to nonmalignant renal 
disease I I Obs; 1.95 Exp). A single death certificate listed 
renal disease as the underlying cause of death [death had 
t~t-1 due to acute nephritis (ICD code 59011, and 4 other 

icates listed nonmalignant renal disease as a conuib. 'a cause of death. No coinparison rates were avail- 
able for analysis of these conuibuting causes of death. 

Arsenic Exposure 

Substantial arsenic exposure occurred throughout the 
plant during the years 1918-25 when the facility func- 
tioned as an arsenic smelter. Because arsenic is a known 
risk factor for lung cancer (331, we stratified the cohort 
into workers employed before and those first employed 
on or after January 1, 1926. \Ye then compared mortality 
from lung cancer among each of these subgroups with 
that of U.S. white males (table 4). Lung cancer mortality 
was significantly elevated among persons hired prior to 
January 1, 1926. Among workers hired afler that date, the 
excess of lung cancer deaths was staristically significant 
among workers employed for 2 o r  more years. \\'hen the 2 
initially miscoded dcalhs from lung cancer are excluded 
from this analysis, mortality horn lung cancer remains 
statistically above chat expected both for workers hired 
prior to 1926 (Obs=3; Exp=O.56; 95% CI= 110-1565) and 
for workers with 2 or more years' employment who had 
been hired after 1916 (Obsz15; Exp=;.O; 956 CI= 
120-353). 

Morldity by Cumulative Exposure to Cadmium 

Tables 5 and 6 present data o n  mortality from lung 
cancer and NMGID in relation to cumulativeexposure to 

s o  of 
Worker employment sratuj d e c h s  SSIR 95% CI 

05s Exc 

Hired prior to January 1. 1926 4 0.56 714 195-1829 
Hired on or alar  January 1.1926 

Overall cohort 16 lo€: 1:; S4-239 
Z! years emplogment 16 7.00 229 131-3il 

JSC:. VOL 74.  O : tFBPl'.ARI ISM5 



cadmium. Only the 576 workers hired on or alter January 
I .  1926, art  lncludrd in thesr analyses. Lung canccr 
mortality inneasrd with increasing cumulative exposure 
to cadmium, and this trend was apparent both in the 
SRR and the ShlR. A similar pattern was seen when the 
analysis was restricted to workers with 20 or more years 
since first exposure. The  regression slopc lor the SRR lor 
lune  cancer (table 51 was 7.3SX10-7 lP=.0001). The  ~, 
qxcess of deaths lrorn lung cancer was statistically 
sknificant onlv .for the stratum of workers whose 
c e a t i v e  exposure to cadm~urn exceeded 2.920 ms-  
davs.'mJ, the level corresponding lo a 40.vear exposure 
a%ow the current OSH.4 limit (95% CI for the SMR= 
113-5ii). In a separate analysis (not shown), workers 
whose cumulative e- to cadmium ranged 
to 584 m ~ - d a v s . ~ m '  showed a n x R  lor lung cancer 01 
100 and an SRR of gg6, This level of cumulative 
&Gposure is equitalrnt to 40 sears' &posur~ to atrborne 
cadmium a1 lne l s  be!u.een ?I and 40 ue,rn?. In contrast 
to tts relatlonshtp wlth cumulative exposure, t h c ~ ~ c e s s  
of lune cancer mortalitv did not increase with leneth of 
emplovment beyond 2 \.ears. \Vorkers employed for 2-9 
years, 10-19 years, and 20 or more years all showed 
~pproximately twice the number of deaths from lung 
cancer as expected from the U.S. rates. 

Only 6 deaths from NMGID occurred among workers 
hired since 1926. A statistically significant upward trend 
was evident in the SRR when mortality from NMGID 
was analyzed by cumulative exposure ( ~ l o ~ e = 2 . 7 S X I O - ~ ;  
P=.014). Because of the small number of cases of 
NMCID, these estimates are less stable than those for 
lung cancer. Three additional deaths Irom NhlCID 
occurred among the 26 workers hired before 1926. If 
arsenic were unrelated 10 NMGID, these deaths would 
increase further the observed mortality in the high- 
exposure, long-term employment subg~oup. 

A similar analysis of derths lrom nonmalignant 
respiratory disease was not performed, inasmuch as this 
study found n o  significant excess of deaths from this 
cause either in the overall cohort or among workers with 
2 or more years of employment. An excess of deaths in 
this catego? was apparent, however. among workers 
employed for 6 months to 2 years (Obs=8; Esp=3.2; 

TABLE 5 -L*ay courrr (ICD IF.'-ICYI rr~orfalify. by ra~rralaliw 
ssyosttrr lo rad~~t is tn :  Illiile malrr hirrd O N  or 

4R.r J o r i t ~ o r y  1 .  1926 

Cumulative 40.yr TI,.4 
exposure. mq4avr rn- equivalent SMR SRR Py.4R deaths 

- -- 

5584 540 rg m '  i.005 2 53 0.48 
555-?.920' 41-?(to rp 'm '  5 . ~ 5  - I52 1.65 
22.921 2 0 0  ug m 2.214 1 280 3.45 - 

C.S. white males - - 100 1.00 

'The T\V.A that over a 4fl.year workinp lifetime would result 
i n  t he  indicated cumulat ive  exposure 

CExclusion of t h e  sinpie worker hired after 1926. whose death 
from 1un.s cancer was initially rniscoded. reduces the number of 
observed deaths in thiz stratum IU 6 and the SRR ul 1.34. 

TABLE 6 -.VMGID (ICD SIC-45. $6'0-6J, and 5701 rnwtalrtn by 
I 

rumulal~rr erpoxsrr lo o~rlnmr rodrn~zrm H'hlir malr. hlrrd on 
or ojlrr January I. 1916 

585-2.920 41-200 r g i ~ '  5.825 1 112 1.0 
52.92 1 2200 rg'm 2.214 3 582 11.3 

U.S white males - - 100 1 W  

'The T W A  that over r 40-yr working lifetime u.ould resslt i r  
the indicated cumulative exposure. 

SMR=249; 95% CI=IOB-491). One of these deaths was 
attributable to silicosis. 

DISCUSSION 

T h e  findings of principal interest in this study wne the 
increased mortality lrom lung cancer among 
employed for 2 or more years and the dose-response 
relationship between lung cancer mortality and cumu. 
lative exposure to cadmium. The  excess of malignant 
respiratory disease, noted previously in this cohort b! 
Lemen et al. ( I ) ,  has continued during the expand& 
observation period. Eight new deaths from lung cancer 
have been identified. The excess ot deaths from mpira. 
tory cancer among workers with 2 or more years of 
employment continues to be statistically significant ( n y  
cases=8; Exp=2.94; SMR=272; 95% C I =  117-536). Fur- , , 

thermore, because national death rates lor respirator? :$, 
cancer overestimate regional (Slate of Colorado and 
Denver County) rates by 10-25% (34). the measuredexcess 

,@ 
of lung cancer deaths among longer-term employees 
probably underestimates the actual inaease. 

T h e  observed excess of deaths from respiratory o n c u  
could be due to a true causal relationship between 
cadmium and lung cancer. to bias (the eflect of uncon- 
trolled confounding), or to chance. Cigarette smoking 
and exposure to arsenic are two extraneous factors which. 
if uncontrolled in the analysis, could explain the Iind- 
ings. Although the tobacco smoking habits of thex 
cadmium workers were not recorded at the lime 01 
employment, company representatives did collefl infor- 
mation on past tobacco use by mailing a questionnaire to 
members of the cohort in 1982 (35) .  Interviews with 
approximately 70% of survivors or next of kin showed 
that 77.5% of those for whom information was gathered 
were current or former smokers. Th i s  prevalence of " e m  
smokers" resembles the 72.9% prevalence noted among 
C.S. white males, age 20 or over. in the 1965 HIS ( 3 6 , .  
T h e  1965 HIS is perhaps the best source. of information 
on the smoking habits of the general population during 
the observation period of this study. Using ~ h c  1955 
survey data, one can estimate the effect that disproportion- 
ately heavy smoking by the cadmium workers would 
have on lung cancer mortality relative to that of thp 
general p~pula t ion.  Computations developed by Axel501 a 
(3.7) and Blair and Spiritas (38) ,  combined with ihe HIS 



data. show that rvrn an  assumed doubling of the 
oroportion of heavy smokers will haveonly a small cffcct 
o n  the  rate ratio for lung canccr: e.g.. if 10' of the 
cadmium workcrs smoked more than 25 cigarettcs/dac, 
-ompared to 20". of the 1965 white male general 

opulation,  the rate ratio would increase only I.05.fold. @ hus  cigarette smoking alone is unlikel! to account for 
the twofold-to.threefold increase in deaths from lung 
cancer observed among workers in this cohort who had 
had 0 or more years of employment. 

Substantial anb widespread arsenic exposure occurred 
prior to 1926 when the plant operated as a n  arsenic 
smelter. T h e  rate of lung cancer mortality among the 26 
workers employed before 1926 was nearly sis times the 
Y.S.  rates. Eucn after 1905, a small and unspecified 
number of workers occasiol~ally processed arsenic in one 
area of the plant. This was an intermittent operation. 
apparently staffed by workers Irom the roasting area, and 
lasted into the 1930's. A second and continuing source of 
exposure involved workers in the sampling, mixing, 
roasting, and calcine furnace areas of the plant who were 
exposed to arsenic contamination from the incoming 
feed material. 01-11!. six industrial hygiene measurements 
were made in these areas before 1975. i n  1950, airborne 
arsenic concentrations ranged from SO0 to  700 pg'm' 
near the roasting and calcine furnaces, the areas of 
highest exposure. hleasurements by the company and 
OSH.4 in 19i9 show thar arsenic exposures i n  theseareas 
had decreased :o about 100 pg  lm'. Although air levels of 
arsenic in this confined area were still 10 times higher 
than the legal 0 S H . i  threshold limit value of I 0  pg.'m3, m ctual personal exposures were lower due to respirator 
usage. One can estimate the number of lung cancer 
deaths potentially attributable to arsenic by assuming a )  
a n  average airborne arsenic csposure of 500 pgim'  in the 
"high-arsenic" work areas during the years of this study, 
6) a respirator protection factor of is% (similar to that 
assumed for cadmiumi, and c )  an estimated 20% of PY of 
esposure spent in high-arsenic jobs. a n  estimate based on 
personnel and biologic monitoring data. O n  the basis of 
these assumptions. the average airborne arsenic exposure 
of persons in this study would have been 25 pgTm'. 
Inasmuch as the 5i6 workers hired after 1926 were 
employed an average of 3 years. they acquired 1.726 PY of 
exposure to 25 p g  m'. Such a n  esposure shouldresult in 
n o  more than O . i i  lung cancers. on the basis of a risk 
assessment model for arsenic developed by the OSH.4 
(391. 

A l t h o u ~ h  the estimate of an averaze air  esposure to 
arsenic of 25 pg m' rests on several assumptions. it is 
m w e  likely to overestimate than to underestimate actual 
expoiures.  Only .a fraction of jobs in the hieh-trscnic 
are;ls in \o i \ rd  exposures as high as those of the furnace 
ar t .3~.  Hish-rsposurr jobs in the roas1t.r a:ea were 
l rcqi~cnt l \  staffed b\ entn- le \e l  workers. many of \%,horn 
\\orit.d 1c:s than 6 months. These e short-term 
worlcrs \\ i t11  briel b u ~  high e s y r u r r  were excluded from a I,r morta l i~\ .  s ~ u d \ .  \et  the\ \\,ere included in our 
stinlate of XO% of P1' of espoiure spent in high-arzenic 

jobs. In addition. u r inan  ars-nic levels measured on 

workers in the high arsenic areas from 1960 to 1980 
averaged only 46 pg!litcr, a ic\el consistent wi:!~ an 
avenge inhaled arscnic concentration of 14 pg/mZ (40) .  
Thus the assumption of an average inhaled concenuation 
of 125 pgirn' (25% of 500 pg/rn') over t h o (  years 
ovcrcslimates the actual exposures by ninefold, more 
thancompensating for thr unquan~ified higher exposures 
during h e  early years. Arsenic alone docs not appear to 
explain the obsemed excess of deaths from lung cancer. 

The cential finding of the study was the observed dose  
response relationship between mortality lrom lung cancer 
and cumulative exposure io cadmium. Previous epide- 
miologic studies of cadmium workers have had insuffi- 
cient indusuial hygiene data to estimate cumulative 
exposure. The strong dose-response pattern observed in 
this study is consistent with a causal relationship 
between cadmium and lung cancer. It also suggesls that 
the current OSHA occupational standard. limiting expo- 
sure to cadmium dust to 200 ue/m3. is inadeauate to . -  . 
protect workcrs over a 40-year working lifetime. i ~ o r k e r s  
whose cumulative exposure was below Lhe 40-ycarCqu~va- 
lent of the SIOSH-recommended TN'A of 40 pg(m3 
showed no cxcess of lung cancer deaths. whereas workers 
whose cumuiative exposure was within the current 
OSH.4 limit but above the N O S H  recommended limit 
showed a 50% excess in lung cancer deaths. 

The potential role of cadmium as a pulmonary 
carcinogen has gained biologic plausibility because of 
the experimental induction of lung cancer in rats 
exposed to cadmium chloride aerosol (22). Epidemiologic . 
studies of mortality among cadmium workers in England 
and Sweden have, however, shown conflicting results. 
Sorahan and \\'aterhouse (18) found a statistically signifi- 
cant excess of deaths from respiratoy cancer (Obsz89: 
Esp=i0.2; S>lR=127; 90% CI=106-151) in a cohort of 
3.025 English nickel-cadmium batter). workers. A subset 
of these workers had been included in the earlier studies 
of Potts (2 j and Kipling and \i7aterhouse (3). Although 
the authors observed a positive association between death 
from respirator). cancer and cumulative duration of 
employment in jobs with high or moderate exposure to 
cadmium. hey  noted that these workers also were 
exposed potentially to osyacetylene \'elding fumes and 
to nickel hydroxide dust. Holden (17 )  found a statistically 

,significant cxcess of deaths from respirator). canccr 
(Obs=36: Esp=26.06: S I R =  138:95% C1= 106-339) and 
from prostate canccr (Obs=8; Esp=3.00; SMRz26i ;  
$0'; CI = 115.525) among 624 cadmium "vicinity" work- 
ers but not among 315 workers employed directly in 
manufacturing cadmium copper alloys. T h e  vicinity 
I,-orkers w ~ r e  also exposed to arsenic. 

;\rmstrong and Katantzis (19), escluding the cohorts 
studied b! Sorahan and !\'aterhouse (16) and Holden 
(1;1, recently described mortality among workers enrolltd 
in the registn of English cadmium workers. A small. 
sta:isticall! insignificant escessof deaths from respiratov 
canier was evident in the overall cohort (Obs=199: 
Ex?= 165.6; S>lR= 10;; 93% CI=9>-12,. This marginal 
excess is consistent with ihe results in our stud!.. 
iri;,much as most of the \,,orker: in the .4rmsuong cohort 



had on l )  minimal cxposurc to cadmium. Less than 3% of 
the workers in the Armsuong cohorl were classified as  

' 
"ever h igh] \  cxposrd." H ~ g h  cxposurc was defined as  
h n i n g  worked a t  least I year in a job that the authors 
judged would producr a urine c a d m ~ u m  level of a t  least 
20 jig 'liter fo1lowin-g chronic exposure. In our cohort. 
81% of workers for whom urine cadmium had been 
measured had a median urine cadmium of at least 20 
pgtliter.  Even among workers with less than 2 years of 
employment, approximatel! 30% had a median urine 
level of ?O pg'litcr. One  mtpht argue that in each of the 
epidemiologic studies in which excess mortality from 
lung  cancer was seen, other occupational exposures such 
as  arsenic or nickel were present and could have 
contributed to the problem. L'nfortunately, the published 
versions of these studies d o  not include sufficient infor- 
mation on the level of exposure to either cadmium o r  to 
other metals to permit assessment of this problem. 

lncreased mortality from NhlGID has not been re. 
ported previously in association with cadmium. Ingested 
cadmium is a severe gasuointestinal irritant in m a n  (5, 
?8),  and Tsuj i  et a].  (29) and Adams et al. ( 3 0 )  have 
commented on the frequent obsemation of gastritis and  
gastrointestinal ulceration among chronically exposed 
persons. I n  our  study we obsenfed a 2.8-fold overall 
increase in deaths from Sh lGID (excluding cirrhosis of 
the liver) a m o n g  workers employed on or  after January 1. 
1926. Deaths from these causes showed a general associ- 
at ion with prolonged employment. Because NMGlD 
previously has not been examined systematically, we 
view h i s  finding as a hypothesis to be examined further 
i n  future studies rarher than as  a definitive conclusion. 

No new deaths from prostate cancer have occurred in  
t h i s  cohort since the Lemen study ( 1 ) .  In addition, 1 of 
the 4 original cases was excluded from this analysis 
because of the revised definition of the cohort. T h e  
excluded worker had  been employed for 13 years a s  a 
guard who patrolled the entire plant but  at n o  time had  
worked for 6 months  in a production area. Exclusion of 
such a worker is to a certain extent arbitrary. Also, 
because the small size and  short additional lol1ow~-up of 
this cohort h a s  low smustical power, and  because 
prostate cancer is frequently a nonfatal disease imper- 
fectly studied by death certificate data, we believe that  the 
absence of new cases during the 5 additional years of 
follow-up weakens but does not refute the possible 
association between cadmium and prostate cancer. 

T h e  presence of only 1 death attributed to chronic 
renal failure is interesting, inasmuch as cadmium is a 
known nephrotoxin and  because increased mortality 
from chronic nephritis and ncphrosis has been noted 
a m o n e  Swedish batter). workers (15, 16). T h e  difference 
may well be due  to local differences in recording certain 
types of i n f o r m ~ t i o n  o n  death certificates. T h e  compar-  
isons in our  study wer? based upon the underlying causes 
of death and ignore the data for 4 individuals for whom 
renal disease was noted as  a contributing cause of death. 
Impaired renal function frequtntly is underreported o n  
d a t h  certificatrs. e \ r n  whfn  the disease \\.as sufficiently 
setcrc to require chronic hemdialysis ( 4 1 ) .  

In contrast to the Lcmen study ( I ) ,  we found n o  excrrs 
'of deaths from nonmalignant r e sp~~a to ry  direasc e i thn  in 
the overall cohort or among workers with 2 or more years 
of employrtlcnt. If dcaths from silicosis are excluded, thc 
only increase in mortality from these causes is among 
workers with short-term employment. The significance 
of h i s  finding is unclear. 

In summary, the finding of increased lung cancer 
mortality in this follow-up analvsis is consistent I )  w i h  
the previous mortality stud) of this cohort (1 ). 2 )  with the 
recently published rat inhalation study ( 1 3 ) ,  and 3)  with 
the epidemiologic findings of Sorahan and Waterhouse 
(18) .  An association of cadmium with NMGID was also 
observed. Previous findings (1 -3 )  of prostate cancer 
among exposed workers were somewhat weakened. 
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-=LYC.;CIIO!:S OF t-Z?.ITIC A\D RESX FETALLClIHIONEINS IS THE CONTROL 
'OF TtE VETAEJLISY OF W Y I L M  A\D CERTAIN OTMR BIVALENT CATIOh'S 

As the fxst aerallothionein to be isolated (1) contained 
a high content of ~ d 2 + ,  it was a logical assumption that one 
funcrion of thionein might be to provide a defence mechanism 
against this :oxic cation. This possibility, amongst others. 
was consicered by Ggi ant I'allee (2.3) and was developed by 
Pescaro: ( L )  as L? hhypoteesis to explain the progressive 
accunularion of biologically inert ~ d 2 +  in the livers and 
'ridzeys of ra>bits, exposed to repeated small doses of CdCi2. 
The detoxLfication func:ion of thionein against low level 
exposure to either parenterally. or orally, administered cd2+. 
was confisned in J nunber of later investigations 5 - 1 0  see 
also ref.11). These investigations established clearly that 
much of the high body burden of cd2* accumulated by the 
e~erimental animbl under these conditions was present as the 
metallothionein in the livers m d  kidneys. and thus was 
unavailable for interaction with processes with inportant 
biological functions. Other studies suggested that the 
inducible synthesis of thionein in these organs is not limited 
to ~dz*, but probably functions under conditions of either 
chronic exposure to Hg2+ (12). or increased tissue concentra- 
tions of the essential, but potentially toxic. Zn2+ and Cu2+ 
cations (e.9. refs. 13 b 14). 

Pretreanent of experimental animals with r low dose of 
cd2+, or higher dose of ZIIZ*, is known to protect them against 
a subsequent, norvlly lethal, dose of cdz* (15) and also to 
prevent the cd2+-induced testicular damage ( 1 1 7 )  plaC@ntal 
t.aemorrhaqe (18) m d  foetal malfonnationr ( 1 9 2 1 )  A s  both 
pretreatnent cations btiaulate the synthesis of the 
corre,spondinp ~erallothioneins, protection rgaizst such acute 
efiects of ~ 1 ~ -  also has been attributed to these metallo- 
proteins (6,8,22-25). Since 2n2* is a common conpnent of 
the metallotSioneins that are induced by both cd2* and 2n2*, 
it is possible tbat such protection could result from the 
replacesent of this cation by cS+. Alternatively, pre- 
treatnen: aight eliminate the lag in rhionein synthesis (26). 
scch thar fur:he: production of the protein is m immediate 
response to su3seqcei.t challenge with cd2+. Ihere is some 
eqerisental supprt for both of these possibiliries. rhus 
cC-+ has been shown to displace ~ n 2 +  from zinc-:hionein (1,8) 
and iroa ( c a 3 i o ,  zinc)-thionein (22,21), in .the livers of 
anbal; prerzeatsd with ~ n l *  and cd2+ respecrively. Yoshikawa 
(17) i ~ e  Suzde; and Yoshikawa (22) consider thar this 

Su:ntl.o to rrr .Ftrst l?ters~r!en*l Rert$nq on NettllolblC~eln 1-a Other 
LC. #oietul*r br4gnt uer~l-~>nmjn( vrotelns.. Zuricn. J u l y  11 - 1 2 .  1918 
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replacement of 2n2+ i n  presynthesized ( a  zinc)-thionein 
leads  t o  a more rapid  accunulation and ie=lo'sflization of w 2 +  
i n  the  l ive r  of the  p re t rea ted  a l b :  a n l ,  a s  a r e s u l t  of t h i s ,  
uptake of the ca t ion  by other  orpans i s  lecreased. According 
t o  Leber and Miya (24) the  hepat ic  concer.tra:ioa of ( c a h i u ~ ,  
zinc)-thionein in  mice, and thus of replaceable 2nZ+, increases 
with the pretreatment dose,  a s  does t!!e tolerance t o  ct2+ on 
subsequent exposure. A p o s i t i v e  corre la t ior .  be=eer. t ' e  
cpa t i c  content of t h i s  metallothionein r?d :he LDjo of cdZ+ 

a f t e r  pretreatment w i t h  d i f f e r e n t  doses of the  cat ion 
a l s o  has been reported by Probst  pt a l .  (25). t ' r e a a e n t  of 
r a t s  w i t h  an o r a l  dose of cd2+ (20 xu-g) was f0ur.d by Squibb 

(23) t o  p ro tec t  aga ins t  a second (100 33 t d 2 + / ~ ) ,  
glven a f t e r  2 4 .  and t o  increase  the  uptake of td2+ not only 

l i v e r ,  but a l s o  i n  the  kidneys and t e s t e s  (c f .  Yoshikawa 
Suzuki and Yoshikawa (28) ). In non-pretreated (control )  

hepatic th ionein  s)-;lthesis exhibited t h e  usual lag 
and thus,  during the  f i r s t  few hours a f t e r  the o r i l  adzinis t rs-  
t i o n  of cdZ+ (100 mg/kg), most of ;he ca t ion  t h i t  was :,&en up 
by t h e  l i v e r  was assoc ia ted  with the  high molecular weight 
p ro te ins  of the  cytosol .  I n  t h e  pre t reated r-i icals,  however, 
the  lag phase was e l iminated and, fron the  e a z l i e s t  t ines  
a f t e r  the  adminis t ra t ion of the  second dose. a11 of the td2+ 

soluble f r a c t i o n  o f  the l i v e r  was fro->.: t o  th io le in  (23). 

Whilst these  i n v e s t i g a t i o n s  seem t o  su?pr: the concept 
of a protect ive  func t ion  of pre-induced ( c a t f u n ,  z inc)-  
th ionein  against  the  acu te  t o x i c i t y  of ~ d 2 +  *ere a r e  other 
observations which a r e  d i f f i c u l t  t o  reeenci le  with L?is view. 
For example, p ro tec t ion  can be obtained with, and i s  e f fec t ive  
a g a i n s t ,  other c a t i o n s  t h a t  dn not induce thionein synthesis.  
h u s  Ins+ and MnZ+ p r o t e c t  agains t  acu te  doses o f  cdZ+ (28). 
m d  pretreatment w i t h  pb2* confers  protect ion aga ins t  toxic 
doses of pb2+ (29). Also. protect ion aga ins t  cd2+ i n  r a t s  has 
been shown t o  be maximal 1-3 days a f t e r  p r e t r e a a e n t  with a low 
dose of Cd2+ and then to  decrease with t i n e  ( 3 0 ) .  Bo* the  
content  of the pro-induced metallothionein,  as well as the  
capac i ty  for the  immediate synthesis  of %!is re ta l lopro te in ,  
however, were re ta ined  i n  t h e  l i v e r  of the pre t reated animal 
f o r  a much longer period.  In agreeaent with the observations 
of Yoshikawa (27) ,  Suzuki and Yoshikawa (22),  Squibb or 11. 
(23) ,  and Cherian and Vostal (31),  hepat ic  uptake of C C ~ +  was 
found t o  be much g r e a t e r  i n  t!!e pret reated a ? W s  t 5 r ~  i n  the  
non-pretreated con t ro l s .  Uptake of t3e cat&.-. by :he kidney, 
spleen,  pancreas, b ra in  and hear t ,  however, u&s unalsered, 
w h i l s t  faecal  excret ion was decreased. E e  izireasec! re tent ion 
i n  the  l i v e r ,  therefore ,  protaSly was due t o  eeireased b i l i a r y  
excre t ioa  of cd2+ t h a t  i s  known t o  resul: fro:: p r e z r e a z e n t  (31). 



0 
h e  synthesis of hepatic zinc-thionein is stinulated by 

restriction of food intake (32), but Webb and Verschoyle (31) 
have shown that the intravenous LDSO of ~ d 2 +  in starved rats 
is the sane as 'that in normally fed animals. Also, even though 
weanling rats contain very high concentrations of zinc-thionein 
in their livers, the LDSO of intraperitoneally administered 
Cd2+ is not significantly different from that in adult females 
(G.P. Samarawickrana and M. Webb, unpublished observations). 

h e  ajove discussion suggests, therefore, that the acute 
toxicity of ~ d 2 +  is not determined by the hepatic concentration 
of presynthesized zinc-, or (cadmium, zinc)-thionein. Webb and 
Magos (33) also conclude that the presence of the latter metall- 
thionein in the kidneys of cd2+-pretreated rats Cannot explain 
the resisxance of these 'animals to normally nephrotoxic doses 
of ~ ~ 2 + .  In this work, for example. Cd2+-pretreatment was found 
to increase not only the renal content of thionein-bound-Hg2*, 
as observed previousIy by SuzUki (34) and Shaikh g. ( 3 5 ) ,  
but also the contents of ~ g 2 +  in ether cellular conponents. 
As, at normally nephrotoxic doses, increased HgZ+-lncorporation 
into these coslpo3ents was greater than that into the metallo- 
thionein, it seerrs that there is no obvious reason'to attribute 
the protective effect of Cd2+ to the induction of thionein 
synthesis, and other mechanisms (cf. e.9. 36) seem more probable. 

derivative ( 3 8 ) ,  may be the biologically active molecule with 
functions in the maintenance of redox potentials ( 3 i ) ,  ion 
transport (37), netabolic pools of cysteine residues (39). m d  
in bioenergetic systems, particularly when the contents of 
cytochrose c oxidaseare low (38). mere is also much evidence 
that the prbary biological function of this inducible protein 
is related to the metabolism of the essential 2n2+ cation 
(?,8,32,CD-2.2). According to Chen t a. (43,45) ,  zinc- 
thionein, which accunulates in the livers of rits that are 
maintained on a diet with high levels of 2n2*, 'is elisinrted 
within 3 days when the animals are transferredto a 2n2+- 
deficient diet, the loss being associated with increased urinary 
and faecal excretion of low molecular weight 2n2* conplexes. 
h e y  concluee, therefore, that thionein has a fundaaental role 
in the acc,mulation of excess ~ n 2 + ,  rather than in the .storage 
of the cation to: subsequent utilization. A conservation 
function, however, is indicated by the fornation. of hepatic 
zinc-Zhionei? ir. the rat during post-surgical trama (46) and 
in responbe to starvation (32,d.t). 

: 

. 
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Regulation of ~ n 2 +  absorption in rats, attributed by 
Cotzias G.  (47) to nqative-feedback control, was shorn by 
Evans PI s. (48) to be mediated, at least in part, by the zn2+- 
content of the intestinal mucosa which, in turn, is regulated 
by the Znz+-concentration of the plasma. Previously i function 
of thionein in the regulation of the absorption and/or transport 
of both Zn2+ and cu2+ seemed to have been established by the 
isolarion of metalloproteins, tentatively identified as zinc- 
and copper-thioneins froa the intestinal mucosa of the chick 
( 4 9 ) ,  rat (50) and bovine (51). Later work by Evans and 
collaborators (@,52-55). however, established that Zn2+- 
absorption is determined not by the formation of zinc-thionein, 
which is absent from the intestinal mucosa of the rat when the 
rate of absorption is high, but by a low molecular weight 
pepride (55), that acts as a ligand for zn2+ in the mucosa, 
and the degree of saturation of the cation-binding sites of 
the carrier protein, albumin (53.56), or transferrin ( 5 7 ) .  in 
serum. This work was confirmed and extended by Ricbards and 
Cousins (44,58.59) who produced evidence that absorption of 
Zn2+ in the rat was related directly to the presence in the 
intestinal mucosa of the Zn2+-chelate of the lor. molecular 
weight ligand and inversely to the synthesis of zinc-thionein. 
lbese authors suggest that, in cells of both the liver u.d 
intestiral mucosa, the contents of this metallothionein are 
correlated with the serum ~n2+-concentration; in the former. 
synthesis of zinc-mionein is considered to control uptake and 
storage of 2n2+ and, in %he latter,3o fora an alternative 
cation-binding species, which acts competitively with the ~n2+- 

rabbits and hwan-beings (A. Bakka a d  M. %ebb, unpublished 

(t2) a:.' probably porcine (63) foetuses. In the liver of the 
foetal rat, the concentration of thionein-bound-2n2+ may exceed 
70 -Q/S wet wt. tissue and yet be at or near the liait of 
detection by conventional nethods of analysis in the maternal 
liver (C.P. Skzrrawickrua and M. Uebb, unpblished observa- 
tions). Although the variability in cation contents of 
differe-t foetal metallot5ioneins night be considered to be 
indica::ve of a storage or protective role, there is sone 
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evidence t o  suspes t  t h a t  h e p a t i c  zinc-thionein o f  t h e  r a t  f o e t u s ,  
a t  l e a s t ,  may be of  f u n c t i o n a l  s i g n i f i c m c e  (A. W a .  
G.?. S a a r a w i c k r a a a  and M. Kebb, unpublished obse rva t ions ) .  
Thus, i n  these  f o e t a l  l i v e r s ,  t he  content  of  thionein-bound- 
2nZ' :>creases r a p i d l y  from the  16th day of g e s t a t i o n  and, a t  
bi:t5, r a y  be b e w e e ?  70 and 100 ;g/9 wet w;. t i s s u e .  Af ter  
b i r t h ,  the h e p a t i c  concen t r a t ion  of  the me ta l lo th ione in  a t  
f i r s t  i r rcreases,  but  a t  a slower r a t e ,  t o  a naxisua  a t  about 
7 days. I t  then f a l l s  almost  t o  zero  a t  18 days. Intravenous 
a&ir.isr:ation of  ~ d ? +  (1.25 mg/kg) t o  t he  pregnant  rat  on the  
i 6 t h  day of  g e s t a t i o n  p reven t s  subsequent accumulation of z inc-  
t h ioze in  in  t h e  f o e t a l  l i v e r s .  This seems t o  be due t o  t h e  
i r A i c i t l a n  o i  2n2+-transpcrt  by cdZ+ i n  t h e  maternal  p lacenta .  
and not t o  t he  sad11 amount o f  t he  l a t t e r  c a t i o n  t h a t  e n t e r s  the 
foet-s  a t  t h i s  dose l e v e l ,  and which i s  bound b the metallo- 
t h i o r e i n  of t he  f o e t a l  l i v e r .  I n h i b i t i o n  o f  ZnY*-transport 
p e r s i s t s  f o r  t h e  remainder o f  g e s t a t i o n ,  al though i t  decreases  
slowly (e.9. fzon  845 a t  4h. a f t e r  c d 2 + - a h i n i s t s a r i o n  t o  66s 
a t  a h . )  with time. 

I f  accumulat ion of z inc- th ionein  provides a  defence mechanism 
afaizs:  excess 2n2+ durzng n o m a l  f o e t a l  development, t he  con ten t  
of  the e e t a l l o p r o t e i n  might be expected t o  remain low i n  t h e  
l i v e r s  of t he  newborn pups o f  t h e  cd2+-treated mothers. I n  
these l i t t e r s ,  however, t h e  hepa t i c  concent ra t ion  of  zinc-  
th ionein  i n c r e a s e s  t o  reach approximately the  same maximum 
(60-80 ,g thionein-bound-~n2+/9 wet w t .  t i s s u e )  a t  t h e  sane 

e a s  t h a t  i n  n o m l  newborn animals. F rac t iona t ion  of t h e  Q .'r cyrosol  o f  t h e  weanling arLmal shows t h a t ,  once the  corrrent 
h e p t i c  z inc- th ionein  reaches  i t s  maxamum and begins t o  

decrease,  t h e  c o n t e n t s  of both :n2+ and p r o t e i n  i n  one of t h e  
high molecular weight  f r a c t i o n s  increase .  The g a i n  i n  Zn2* by 
t h i s  heterogeneous f r a c t i o n  which, as shown o r i g i n a l l y  by Bxemner 
and Xarshal l  (64)  and Bremner and navies  ( 46 ) .  c o n t a i n s  super- 
oxide dismuraie ;nd carbonic  mhydrase ,  i; no t  stoichiomet;ic 
wi:h t h e  l o s s  from t h e  me ta l lo th ione in ;  an obse rva t ion  t h a t  
poss ib ly  is t o  be expected from the  f ind ings  o f  Chen c+ s. 
(43.45) on t h e  e l i m i n a t i o n  of thionein-bound3n2+ fro= the  l i v e r  
of the'2n2+-loaded a d u l t  rat .  These r e s u l t s ,  t h e r e f o r e ,  i n d i c a t e  
bu t ,  a t  p re sen t ,  provide  no firm evidence t o  suppor t ,  t he  pos r i -  
b i l i t y  t h a t  accumulat ion o f  h e p a t i c  zinc-thionein dur ing  l a t e  
f o e t h l  and e a r l y  pos t -na t a l  l i f e  i n  t h e  rat may be r e l a t e d  t o  
subsecuent r e q u i r e s e n r s  f o r  t h e  c a t i o n  i n  the  s y n t h e s i s  o f  o t h e r  
meta:loproteins a t  l a t e r  s t a g e s  of d e v e l o p e n t .  Such a funct ion  
has been cons idered  p rev ious ly  f o r  neonata l  mitochondrocuprein 
( 6 5 ) ,  which i s  resarded  a s  a pol)=eric  form o f  p a r r i a l l y  loaded 
c o p p r - t h i o n e i n  (C5,66), and may a c t  a s  a  r e s e r v o i r  of cu2+ f o r  
the su3sequenr f o m t i o n  o f  cytoshrome-c oxidase ,  t he  content  
of  which i n c r e a s e s  r a p i d l y  du r ing  the neonata l  period. 
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It is possible that, if copper-thionein undergoes poly- 
merization in vivo to mitochondrocuprein. the presence of zinr- 
thionein in some foetal livers. and of (co??er, zinc j-thionein 
in others, may be correlated with the content of this insoluble 
copper-protein. This would iqly that coppei- and zinc- 
thioneins occur as separate species. ane thus would be contrary 
to current concepts that both citions are present, though in 
different ratios. in a11 f o m r  of (copper, zinc)-thioneins 
(67,69). Whilst this s a y  be :rue wher. the Cu:Zn ratio is high. 
it has been show that crude preparations of (copper, zincl- 
thionein (atomic ratio Cu:Zn = I:!) froc 1-9 day old pig liver. 
yield zinc-thionein as a single aolecular species on preparative 
electrophoresis (63). No evidence has been obtained. however, 
that the hepatic content of citochondrocu;rein in newborn pigs 
is related to the tissue content of zn2+ lt3). such a relarion- 
ship might be expected if Zn2* ei:her prevents the polymerization 
of copper-thionein to mitochondrocuprein, or plays a role in the 
metabolism and elimination of this insolutle protein from :he 
liver of the newborn. 
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Validation Attempts of a Generic Approach 
for Regulating Air Toxics 

Received Sepremtm 30. 1985 

The validity ofdenring ambient air quality naadards or lcvcls via W h o l d  lcvel valua(TLVs) 
krsvued via two mnbodologia: ( I )  using curnnt U. S. nandards for ambient air nandards and 
mpat iona l  nandards wherr the &la base is very robvn and ( 2 )  using bvin oocupational and 
communi~y air standards whcm the standards m bawd on cxpcrirncnrally derivrd toxicological 
cndpoinu The analysis indimus that the TLVdoivcd appmcb using TLVl42O and lhe appr* 
p m c  avenging dme is in wide disagrccmcnt witb bolh validating mnbodologia. C 1916 b.m&zw 

hpLk 

Many states have initiated an anempt to develop "air toxics" regulations in the 
absence of a nationwide program on the federal level. Given the recognition that low 
concentrations of dozens of agents exin in ambient air, many States are opting for 
generic approaches to deriving acceptable air quality levels. While there are a number 
of variations, the basic panern is often the same. This embodies the delineation of an 
ambient air quality standard (AAL) via a conversion of the industrial threshold level 
values (TLV) as derived by the American Conference of Governmental Industrial 
Hygienisw(ACG1H). Since the TLV is b a d  on predicting the health of occupationally 
exposed persons it usually assumes that exposum an confined to a 40-hr work week 
(i.e.. 8 hr per day. 5 days per week) over the Yean 18 through 65. Since ambient 
exposures entail 168 hr exposure each week (i.e.. 24 hr per day. 7 days per week) over 
an entire lifetime (i.e.. conception to death), various proposal modifications of the 
TLV have been propowd in order to make it more relevant to the ambient condition. 

That an occupafonal health standard should be applied for deriving ambient .. . .. air . 

standards is highly controversial and not uniformly accept~Neiertheless. it appears 
that many state regulatory offices have adopted what^i-4dely considered a "pragmaticw 
approach. Since over 500 TLVs exist and have gone through a form of peer-review 
process and since the cost of doing each agent separately would be enormous. they 
have opted for some type of generic TLVderived ambient standard regardless of the 
toxicological "correctness" of using TLVs for this purpose. 
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In practical terms whac frequently occurs is that the proposed ambient standard is 
=me fraction of the TLV. For example, i t  is common lor TLVs to be di\ided by 4: () 
oLe?a.(TLV/42 or TLV/420), based on d i v i d i n g t h e 4 0 % ~ ~ ~ k  cx&surr by 168. 
which yields 114.2, and then applying either a 10 or 100 safety factor. Other modifi- 
cations ma!. exist if one also wanted to amortize life span vcnus working yean or 
respiration rate of children versus adults. The prescnt paper is designed to ofcr two 
independcnt attempts to evaluate the validity of the generic approach using a TLV 
conversion factor for deriving AALs. 

METHODOLOGY I 

The ~IIS attempt in considering whether dividing TLVs by 420 or some other value 
is valid is to asxss what would be the ratio for agents where there is an enormous 
reservoir of toxicological and/or epidemiological data existing for both occupational 
and environmental (i.e.. community) exposures. Take for example; SO2, O,, NOI, 
CO. and Pb for which the United States has both national occupational and ambicnt 
air quality standards. If one were to u x  the TLV of each of thew agenu and divide 
by 420. how close would the value come to the ambient standard after adjusting for 
average periods? Would it underpredict or overpredict the value and by how much? 
As can be seen in Table 1. the methodology of dividing -- the TLV by 420 now is 
consistently more conservative or protective ,- , - . . than . - . --- that . derived from actual data. For 
example, the ambient standard for a 2Chr average of 365 mglrn3 is about 1113.6 
of the occupational standard and not 11420th of the value! Then, if one employs the 
current "known" pollutants ro validate the proposed methodology, it would show that , 

the TLV/420 approach is consistently more protcdve than current standards 
which large data bases exin. 

TABLE I 

C O M P A R I ~ N  OF n v s  AND A M B ~  AIR QUAUIY STANDARDS m THE UNITED S T A ~  

TLV Ambicnr standard Ambicnl TLV ntio 

I .  I '  
CO SO ppm (-55 m ~ m ' )  10 mum' (8-hr m u )  

1 ' 
01 0.1 ppm (-0.2 mum') 0.12 ppm (I-hr mar) - 

2 

% 
I 

2 ppm (-5 mum') 365 d m '  (24 br) - 13.6 

N 4  3 ppm (-5 mum') 0.100 mum' (annul) 

pb 0.15 mum' IJ rg/m1 (monthly) L'/L1 M I O ~  

NOIC This table is an a m m p  lo  mmpur: the U. 5. ambicnr standards with ihc TLV m u a t e m .  
This rcprnenu a compsriran .of the 8-hr m u  with the TLV. 

'This rcprnenu a rnmpmiwn of a dcularcd 24-hr avc via the CRSER model with the TLV. 
' Stokinpn (1972) mimate. 
'This nprrvnu a mmparison of r dcularcd 24-hr avc via thc CRSTER modcl wirh the TLV. 
' This nprcwnu a comparison of the annualized ambicnt standard with h e  TLV. 
/This rcprcwnu a mm-n of thc monthly ambient standard with ibc TLV. 
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AIR T O X I 5  VALIDATION 

METHODOLOGY 2 

Another way to try to judge the validity ofthe proposed TLVdcrivcd AAL mcth- 
odology is to consider the relationship of the AAL to h e  TLV equivalent nandard in 
countria where a large number of both standards are available and whcre the data 
are bawd on toxicologicaily derived endpoints for borh types ofstandards and not on 
a TLVderived methodology. Thc country with the most available standards for com- 
parison is the Soviet Union. 

The Soviet approach to setting acceptable exposure limits for occupational and 
ambient air pollutants has been written about in some depth in U. S. toxicological 
journals by both Soviet and American scientists [see Calabrew (1978) for a review]. 
The approaches used for standard sening by both countria'are generally similar when 
it c o m a  to vieuing the AAL in relationship to TLV [or maximum acceptable con- 
centration (MAC) as the sovieti call them]. Borh countria recognize that the workplace 

TABLE 2 

CASES WHERE THE AMBIENT STWUID &'ME SOW UNION IS GILEA'ER T W  
114201h OFTHE O m ~ n o N a  Hwm STANDU~D 

Fraction of the oecupatiooll 
bullb standard 

- 1. Epichlorohydrin II5.0 - 2. CU, 119.75 
3. Sulfuric acid 1/10.00 
4. PhUalic anhydride 1110.00 
5. Lad lll4.2 
6. CPrban monoxide 1118.7 - 7. k m c n c  1122.5 
8. M a n p n c v  1/30 
9. HydmBen cyanidc 1133 

10. Chlorine 1133 
I I. Mercury, mcullic 1133.3 

-12. Ethylene oxide 1/36.0 
13. N 4  1/41 

-14. Trichlorathylmc 1148.1 
15. HQ I/49.0 
16. Acnone 11% 
17. q.ridinc 1156.2 
18. Amlc in  1/60 
19. Hydrogen fluoride 1/80 
20. Toluene 11812 
21. A d c  acid 1/83 
22. Fonnddehydc 11100 . 23. h n i c  11100 
24. Metbyl alcohol 1/1M 
25. Ammonia Ill08 
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TABLE 3 

CASES WHEIE ME AMB.rn7 STA~DARD Iri TIE UhlOS IS LESS THAS 
11420th OF WE Cm.?~nosu Hurm STANDARD 

w o n  or lbc occupationrl 
M t h  sundud 

31. Phenol . 11494 
32. Chlorokrucnc IA06 
33. Tcuahydrofunn IA162  
34. Ropyl alcohol 11666 
35. Aniline 111,013 
36. Amyl aatate 111,050 
37. Hydrogen sulfide 111,313 
38. Methyl acetate l l l J 3 4  
39. C% 111.803 
40. Ethyl amate 111,925 
41. BUN! amate IP-,130 
42. Naphthalcnc 116.666 
43. Slycue 1116.8W 

standard is designed to p r o t a  a worker t o m  an f-hr exposure for 5 days per week 
for 50 waks per year between the normal work yearsof 18 to 65 years of age. However, 
an AAL must protea the general public including the young and aged, persons at 
enhanced risk due to preexisting d i m  such as respiratory illness, and others. Con- 
sequently, the AAL wil l  be a much lower n u m b  thao the TLV (or MAC). The 
principal difference b e w a n  the two countries re& t o  what is termed an "adverse ' 

h d t h  effect.,' The Soviets consider any physiol~cal/biochemical deviation from !;$a 
normal as unacceptable. However, the United Stam nay \iew ccnain initial alterations 
(e.g., enzyme induction) as i n d i d o n s  of an adaptivt response. The net result is that 
Soviet standards for both M A G  and AALs are o k n  considerably lower &an their 
U. S. counterpan standards (lzmerov, 1973).' 

Regardless of these differences, the ratio of AAL to TLV should be compardble 
between the two countries. This is one reason why it is deemed of great i n t e r n  to see 
to what extent the Soviet AAL is a mathematical mkionship of their MAC. In addition 
rhe Soviet AALs arc actually baud on experimental mdies usually with animal models 
focusing on the mon sensitive biological paramaen such as olfactory response. enzyme 
alterations, etc., along with 0.3-fold safer). factor d m  from the no effect level. 

In the present evaluation. 114 Soviet AALs w a t  obtained. From this total, forty 
three 24-hour average AALs uith corresponding hL\G [i.e., 8-hr maximum (not time 
u.eighted)] valua (Tabla 2 and 3) were compared Tbe remaining 71 AALs were not 
compared because of a lack of available MAC, no 2Lhr average value, etc. The results 
indicated that about 7m (30 of 43) of the AALs bad values that were considerably 
higher than the 11420 TLV methodology. 'Ihinm ofthe 43 agents had values much 
lower than the 11420 TL\' proposed methodology. The total variation was enormous, 
k ing  from If5 to 1116,800 ofthe MAC! The toxialogical basis for such differences 
b known from the U. S. litera~urc for but a few of thcw agents. h'evcnhelcn. it is 
known that these values are experimentally derivd and not jun a numerically con- 

' It should k n o t 4  lhat we an no1 M n g  wmpliansr -72 lbc pmpacd slandudr. 
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jcctured value. This being the case. it calls into question the generic approach which 
mats  all agenu in a similar manner. 11 ihc Soblet approach were a good model, it 
would suggest that the TLV/42O methodology would ohen have much "unnctdcd" 
safety built in, while at other times not enough. 

DISCUSSION 

The two indcpcndenl attempts to validate a currently in vogue methodology for 
deriving AALs from TLVs indicate potentially serious problems. Tbc U. S. data, based 
on our current ambient air standards. suggm that the TLVI420 rnahodology may 
grossly ovcrprcdict risk while the Soviet data imply that lhis methodology may grossly 
under and/or overpredict risk based on the agent. While any generic approach would 
be expected to bc somewhat o f t h e  mark and on the conservative side. tbe magnitude 
ofthe potential inconsistencies is so large as to seriously question the validity of this 
approach. Clearly, funher ancmpu to assess the validity of this and othu generic 
approaches to establishing public health-based AALs are needed before such standards 
become adopted in numerous states. 
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removed from the feed and the animal was subsequently held for additional 
time periods prior to sacrificing. Since concentrations o f  the carcinogen 
were determined analytically in each batch o f  feed and feed consumption 
was measured, the data are available to study the effects of dose rate, or the 
dose schedule, using several different groups o f  animals having different 
dosing periods, but were sacrificed after the same lifespan. The purpose 
o f  this paper is to examine the influence that the dosing regime (i.e., dose 
rate and total dose) may have on the relative results of a carcinogenicity 
study. 

METHODS 

The complete methods, results, and analysis o f  this study are found in 
Littlefield et al. (1980). The experimental design with respect to  numbers 
o f  animals sacrificed a t  each dose level i s  shown in Table 1. For the pur- 
poses o f  this paper, serial treatment groups are used. BALB/c female mice 
were dosed at 0, 60, 75, 100, and 150 ppm, in  the feed, commencing as 
weanlings, for 9, 12, 15, 18, or 24 mo, then sacrificed a t  either 18 or 24 
mo. The carcinogen in the feed was 2.acetylaminofluorene (2-AAF). The 
average total dose in milligrams 2-AAF per mouse was determined using 
each group o f  mice that was sacrificed and was calculated from the food 
consumption data recorded on each cage weekly. The total dose used in  
the results was based on the average dose per mouse per cage, since some 
animals in  each group died prior to  sacrifice. The target concentration was 
used in the calculation and the total dose was calculated by multiplying 
the concentration in ppm by the food consumption. The NCTR mouse 
feeder (Hunziker, 1975) was used. This feeder has been shown to prevent 
$pillage at a rate consistently less than 1%. 

Models for estimating liver and bladder tumor prevalence rates are, 
respectively, 

TABLE 1. Number of Animals Sacrificed a: Each Dose and Timr Intexal 

Tine of sacrifice (mol 

18 24 16 24 16 24 18 24 

Time on dost (mo) 

Dose (pprn) 9 9 12 12 IS 15 18 24 
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In(PL + 0.5) = 2.1236 + 0.004175r + 0.00330~' 
PL = -0.5 + exp (2.1236 + 0.004175r + 0.003330d) 

In(Pa + 0.5) = -1.8428 + 0.00014331ra + 0.01 1020d 
Pa = -0.5 + exp (-1.8428 + 0.00014331r2 + 0.01 1020d) t 

where PL i s  the estimated percent of animals with liver tumors (prevalence) 
at 24 mo, Pa is the estimated percent of animals with bladder tumors (pre. 
valence) a t  24 mo, dose rate r is given as pprn 2-AAF, and total dose d is 
the average milligrams per mouse of 2-AAF. The'constants in  the exponents 
of the models were obtained by the method of least squares. 

RESULTS 

The average total dose received by the respective dose groups of animals 
and the prevalence of liver and bladder tumors are shown in Table 2. 

There are several comparisons that can be made from Table 2, in which 
animals received a similar total dose but a t  different dose rates. For 
instance, mice that received 160 mg 2-AAF at 75 ppm over 24 mo can be 
compared to another group that received 153 rng 2-AAF at 150 ppm for 
12 mo. Both groups were sacrificed at 24 mo. The prevalence of both liver 
and bladder tumors were higher in the group receiving the higher dose rate 
for 12 mo. Mice dosed at 60 ppm (128 mg 2-AAF) for 24 mo had the 
same liver tumor prevalence but a slightly lower bladder tumor prevalence 
than a group dosed at 100 ppm (133 mg 2-AAF) for 12 mo. Two other 
groups (97 mg 2-AAF over 15 mo at 75 ppm versus 100 mg 2-AAF over 
12 mo at 100 ppm) showed essentially the same results. However, 2 other . 
groupings (78, 77, and 76 mg 2-AAF over a dosing period of 15, 12, and 9 
mo at 60, 75, and 100 ppm, respectively, and 61 and 57 mg 2-AAF over 
12 and 9 mo at 60 and 75 ppm, respectively) showed somewhat incon- 
sistent results in the liver tumors, while no bladder tumors appeared in 
these groups. All o f  the groups already mentioned were sacrificed at 24 
mo. 

Comparisons that were made in the animals sacrificed at  18 mo showed 
a lower prevalence in the liver tumors, since this lesion was a late-developing 
tumor. However, the results in bladder tumors showed some consistent 
trends. The most prominent example was the two groups having a total 
dose of 148 mg 2-AAF (100 ppm for 18 mo) and 149 mg 2-AAF (150 ppm 
for 12 mo). The prevalence was 4% in the group having the 100 ppm dose 
rate, and 22% in the group having a dose rate of 150 pprn. Two other groups 
(1 13 and 114 mg 2-AAF for 18 and 9 mo at 75 and 150 pprn) exhibited a 
prevalence of 1 and 6%, respect~vely, while 3 other groups (74, 75, and 71 
mg 2-AAF over a dosing period of 15, 12, and 9 moat  60, 75, and 100 ppm, 
respectively) showed bladder tumors appearing only in the group dosed at 
100 ppm, which was the highest dose rate. This was also noted in groups 
receiving 91, 94, and 97 mg 2.AAF, and another grouping receiving 60 and 
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TABLE 2. Toral Dose (mg 2.AAF/Mousc) and Subsequent Prevalence of Liver Tumor and Bladder 
Tumor for BALB/c Mi- 

- - 

Month of ucriface 

Monthsdowd 

Dose ( P P ~ )  Paramear 9 9 12 12 15 15 18 24 

150 Total dose 
Liver tumor, 96 
Bladder tumor, % 

100 Total dose 
Liver tumor,% 
Bladder tumor, % 

75 Total dose 
Liver tumor, % 
Bladder tumor, % 

60 Total dose 
Liver tumor, % 
Bladder tumor, % 

@ 56 mg of  '2-AAF; i.e., the higher prevalence was noted i n  these groups 
i n  which the higher dose rate was given over a shorter time period. 

The general concensus o f  these comparisons shows the liver tumor 
data as not consistent over all ranges, but does exhibit a trend toward 
a higher prevalence associated w i th  the higher dose rates. The bladder 
tumor data were more consistent in  this respect. When the total doses 
were similar, the higher dose rates for shorter time periods induced a 
higher prevalence o f  bladder tumors. 

Th'e total dose was calculated fo r  each treatment group. The respec- 

0 J  
0 50 100 150 200 250 300 

Total Dose (mg 2-AAFlrnouse) 

FIGURE 1. Re1a:ionmip of t o u l  dose, dose rate, and incidence of hepatocri!uiar carcinoma i n  
2;mo-dd mice. \umber indicates duration of dose (months). 
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FIGURE 1 Relation of total dose, dose rate, and incidence of bladder tumors in micc sacrificed at 
24 mo. Number indicates (months dosed)/(months at sacrifice). 

tive prevalence o f  hepatocellular carcinoma for each o f  these treatment 
groups was determined and the resulting data are shown in Fig. 1. The 
total dose (mg 2.AAF/mouse) is compared against the prevalence at the 
24-mo sacrifice. Those groups dosed at higher rates, but for fewer months, 
have a generally higher prevalence than those receiving similar total doses, 
but a t  lower rates for more months. Therefore, the dose rate appears t o  
influence the prevalence of hepatocellular carcinomas irrespective o f  the 
total dose. For example, mice receiving a total dose o f  153 rng 2-AAF over a 
period o f  12 rno had a prevalence of 31% hepatocellular carcinomas, as 
compared to only 20% in mice receiving a total dose o f  160 rng 2-AAF over 
a 24-mo period. 

For bladder tumors, the same effect is noted in Fig. 2. A dose-rat' 

shorter time interval had the higher prevalence o f  bladder tumors. 
effect i s  very evident, in  that the animals receiving the same dose bur over h 

DISCUSSION 

The data presented indicate that under the conditions o f  this study, 
both dose rate and length of exposure (total dose) influence the carcinogenic 
response. Animals dosed for 9 or 12 mo and sacrificed at 24 rno had a much 
higher prevalence of both liver and bladder tumors than a group given a 
similar total dose fo r  18 or 24 mo. This has important implications related to 
choices o f  experimental designs, especially in  quantitative carcinogenesis 
studies designed for calculation of risk. For instance, 160 mg 2-AAF ad- 
ministered over 24 mo resulted i n  a 20?4 prevalence of liver tumors, whereas 
approximately the same total dose of 153 mg given for 12 mo (i.e., at twice 
the dose rate), with the sacrifice at 24 mo, resulted in a prevalence of 31% 
liver tumors, a 55% increase in  tumor prevalence. Higher dose rates for 
shorter periods o f  time appear t o  be more effective for producing positive 
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results than lower dose rates given over longer periods of time. This also 
supports the concept that smaller numbers of animals at higher dose rates 
could be used to obtain significant results. Also, in view o f  the high cosi 
o f  conducting toxicology studies, costs could be reduced by dosing the 
animals for the first 9 to 12 mo, then merely holding them unti l  sacrifice 
at 24 mo. This would eliminate the cost o f  diet preprration and subsequent 
chemical analysis and diet monitoring for 12-15 mo. Houever, this reduces 
the chance of detecting tumors compared to using the higher dose rate for 
24 mo. Also, dose rates are limited t o  the amount that animals can tolerate. 

The amount o f  data in  the literature in which total dose can be com- 
pared with dose rate i s  sparse. One study, conducted b y  McCornick et al. 
(1981), gave a total dose by intragastric instillation o f  30, 20, or 15 mg 
N-butyl-N-(4-hydroxybutyl)nitrosamine in 20, 10, or 5 weekly fractions. 
These data showed that the doses given in  the 20 weekly fractions were 
more effective in producing urinary bladder cancer than those given i n  the 
5 weekly frictions. Although i t  is not clear whether the 5 weekly fractions 
were given in the first 5 wk or evenly spread throughout the 6-mo study 
period, these higher dose rates did not produce the same results as the 
present study. Although the reason i s  not clear, i t  could be due t o  a chance 
for recovery with the five fractions. 

Druckrey (1967) stated that the total dose needed to produce cancer 
with small daily doses over a long period i s  not greater, but  significantly 
smaller. Carcinogenic action goes considerably beyond a pure "summation 
action" and increases with time. Druckrey theorized that time is inversely 
proportional to  dose. Druckrey showed that the tumor rate decreases when 
the total dose o f  diethylnitrosamine is spread at lower doses over a longer 
time. I n  the study reported here, all animals were sacrificed at the same 
time, therefore, time is not a factor. 

Another factor that possibly had an infleunce in  this study is that in 
many instances young animals are more susceptible t o  exposures o f  car- 
cinogens than older animals. Therefore, since the higher dose rates were 
administered to the animals during the first 9 or 12 m o  o f  their lifespan, 
they might exhibit the higher prevalences. 
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The inhalative toxicity of differsnt cadmium 
compounds in rats* 
H. O ~ I C E S  and U. GWER 

Fruunho/n.inrr~!u!fir Umzrhrhtrnic und d k o ~ o x i k ~ l o ~ ~ ,  D-5448 S;hn&brrgCra/rrha/5 FRG 

Abstract. In a long-term inhalation study, male and icmale W'istar rats were continuously exposed t o  
submicron aerosols o i  CdO, CdCI,, CdSO., CdS and a CdOIZnO combination. For chronic 
exposures it was shown that a t  aerosol levels equal to and above 90pgim' Cd, even the less soluble 
cadmium compounds (CdO and CdS) were toxic and lethal, especially to male rats. No monalitywas 
seen in the group exposed to the ZnOICdO combination. Ourstud!.suggests that inhalative toxicity 
of cadmium compounds may be related to 1ur.g retention o f  bioavailable cadmium. In a short-term 
inhalation study we found that the lung retention of cadmium was two times higheraherexposure t o  
C d O  than to CdCI,.The lung and body burden ofcadmium d i k e d  by a factor often between C d O  
and CdS. The reasons behind these results are not yet fu!ly underrtood. 

Key words: cadmium compounds - inhalation - retention - toxicity - Wistar rats 

It has been shown from long-term inhalation studies 
that cadmlum chloride ~nduced pnmary lung tumon in 
Wistar rats, and that the incidence of lung tumor was 
strongly dependent on the cadmium aerosol concentration 
[Takenaka et al. 1983. Oldiges et al. 1983. Oldiges et al. 
19841. It was therefore logical toexamine whether other less 
soluble cadmium compounds t o  which human beings are 
more frequently exposed have the same carcinogenic 
potency as cadmium chloride. 

Material and methods 

In a long-term inhalation study rats were exposed to 
cadmium aerosols consisting of cadmium chloride 
(CdCI,). c ~ d m i u m  oxide (CdO) as dusts and fumes, 
cadmium sulNte (CdSO,), and cadmium sulfide (CdS). 
.4nother group of rats was exposed simu!tdneously to dusts 
consisting of zinc oxide (ZnO) and crdmium oxide. The 
rats werc es?osed in 225 1 horizontal flow inhrlation 
chdmbcrs. Two wire mesh cages were placed in each 
ch~mber  and each cage contained 10 rats. 

PrcrcntcJ i: rLe Founh Svrnporwm on Trace Elrmmrr. .April 25th. 

1985. Mrin>rcr. FRC. 

CorrrspanJrn.~ to Dr. Oldbers 

The aerosols were generated by several different 
systems desaibed previously [Hochrainer 19831. The a c r e  
sol flow-rate was 80Vmin. The particles of the cadmium ' 
aerosols were in the submicron size range and had average 
mass medium_diamc:en ranging from 02  to 0.5 pm. The 
panicle size distributions and the cadmium aerosol 
concenaations were measured as described elsewhere 
[Oberdonter et al. 1979). 

Five weekold inbred Wistu rats m 0 - W - 7 5 ,  SPF~ 
were used For each aerosol concentration and for each 
cadmium compound there were 20 female and 20 male 
rau, purchased from F. W'inkelmmn GmbH, Borkcn, FRG. 
10 animals breathing filtered air werc kept as controls 
(Table 1). The inhalation Iaboratoy is an air-conditioned 
room with 3 12 hrs daylnight cycle. The animals received 
drinking water ad libimm. To  kcep the cadmium uptake 
from food as low as possible the animals were fed with a 
Ssnifi pellet diet b-nveen 4 p. m. and 8 a. m. The rats were 
continuously exposed ior 22 h n  a day, 7 days a week. As in 
the previocsly repofled ex;erimcnt the exposure time was 
to bc I8 months and rhe studies were to be terminated in 
the 31s: month, th3: being the mein survival lifespan ofthe 
s t r~in.  

To ob:~in more i n k n a t i o n  rbout the lung deposi- 
tion ~ n d  retention of the di&r:nt cadmium compounds, 
jhon-tcm inhilrtion stujies with IOOpS:m' C d  as 
srdmium chlorite. ICUpg'n' Cd as cadmium oxide dust 
and l m g m '  Cd as cldmicm suitidc were performed. 
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I .  CdS dd 90 91 ir 17 409 409 1/20 
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20.1 CdS Q Q  810 811 20P 402 298" 7/20 
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22.1 CdS V9 2430 2247 2 543 105 10Sb1 4/24 
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A higher concentration of cadmium sulfide was cho- 
sen because o f  the v e y  low solubitin. o f  this compound. 
Groups of sis five-week-old male rats were continously 
exposed to r h c  cadmium acrosols for one month  under the 
same conditions as described above. After exposure each 
psrallel group breathed filtered air for a further nvo month 
period before being sacriticed (using urethane anesthesia). 

Since there were n o  results in the literature rcgrrding 
the Ions-term ~nhd!ative tos ic in  o f  cadmium compounds 
orher than ou! own with cadmium chloride, we chose h i e  
h:r cximium aerosol concentration icr  c ~ d m ~ u m  sulf~te .  
c s ~ d e  and scitide, because oitheir  lo\vcr solubilities. Howe- 
ver. in some cases the chosen aerosol concentr~tions were 
too tosic and those csposures were stopped. For these 
groups moz~lir!. occurred within a few weeks, sugestinp. 
t h ~ t  there i, d cntica! lethal concentration. This tosiciry 

F a b l e  I )  was not  ap?arent carlier,either through the regular 
checks o n  wcisht gain, food and water consumption, or  by 
hematological examinations. Gross necropsy of the dead 
animals revealed increased lung weights and enlarged 
thoracal lymph-nodes. Elevatcd liver weights were found 
only in the rats exposed t o  the highest cadmium sulfide 
aerosol concenrrarion (2.4 mplm' Cdi  (Table 1). S o  funhcr 
mortalit!. occurred after termination o f  cadmium esposure 
in those groups which had shown increased monality 
incidence. The weight gains of the sun-iving rats were 
similar to those oi the controls. The selected cadmium 
aercsol ccncentrarions of the different cadmium com- 
pounds dnd the avdilahle results (Table 1) shsw that at 
90pgim C d  or higher. cadmium was tosic as an oxide. a 
sulfate or a sulfid:.cspecia!l!~ to the  male rrts.There was n o  
lethalir?. obsewed in the cadmium zinc combination 
group. Cadmium r-lfide proved to he toxic tvith a clear-cut 
aerosol concenrr~:ion dependency. 

In an earlier cspenment we sho\ved t h ~ t  cadmium 
chloride ~ e r o s c l s  h;ci J lung cle~rance half-life of about b0 
d ~ y s  [OberdSrste: ct JI. 19801. The results oi this stud!. 
showed th.11 this r u s t  he true for c ~ d m i u m  oxide and sul- 
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fide aerosols as well (Figure 1). This f iyre  shows that conti- 
nuous exposure t o  submicron cadmium aeroiol as C d O  
resulted in a cadmium retention in the rats' lungs nvo times 
higher than for treatment with a cadn;ium chloride aerosol 
o i  the same concentration and panicle size. Exposure t o  
the less soluble CdS aerosol also resulted in a lower C d  
retention in the lungs In addition to the results for cad- 
mium retention in the lungs, Figure 2 Sves the cadmium 
distribution found in the kidneys and liven. It is evident 
that cadmium exposure as cadmium sulfide, although ten 

times higher. resulted in the same;admium body burden as 
for the exposure to the C d O  aerosol. This was observed at 
the end of the 30-day inhalation period and at the.end of 
the subsequent obsc~at ion  period. These results support 
the available results of the long-term inha l~ t~on  study that 
in addition to the soluble cadmium chloride aerosols, tht 
submicron Cd-aerosols of lower solubilities are just as 
bioavailable and just as toxic to experimental animals. 

Discussion 

Several authors suggested that in some occupations 
cadmium aerosols may be a carcinogenic risk [Lemen et al. 
1576. Kjellstrom et al. 19791. Recently it was demonsuated 
that long-term exposure of experimental rdts to submicron 
aerosols of cadmium chloride induced primary lung 
tumors at even low exposure level [Takenaka et 11. 19831. 
But presently there is no  clear knowledge about the kinetics 
and inhalative potencies of other cadmium compounds, 
especially the less soluble ones. Thus a long-term inhala- 
tion study was designed t o  describe the carcinognic risk 
from CdO dusts and fumes. CdSO,, CdS and a CdOlZnO 
combination. But in relation to CdSO, as well as the water 
insoluble compounds C d O  and CdS, it was shown that 
~erosol  levels equal to or higher than 90pg1m' we're toxic 
and lethal to male Wistar rats. Epidemiological data of. 
Princi [1947] and Teculescu and Stanescu (19701 did not 
reveal any symptoms of toxciciry after inhalation of CdO 
and CdS d u z  and fumes at even higher exposure levels. 
Our  findings concerning toxcicity of these C d  compounds 
have been confirmed by shott-term kinetic studies. Hadly 
et  al. 119801 found that C d O  instilled intrauacheally 
rapidly translocated to the livers of rats. The results of Cd 
retention in this study confirm thdt C d O  was slightly more 
available to the lungs than CdCI,, while CdS retention was 
lower. The reason for the observed differences in behavior 
o f  the various cadmium compounds should be examined 
in future studies. 
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ABSTRACT 

Fibrotic Rat Lung 

Rats were c q o s e d  to CdO ~e ro io i s  lor 9 t o  13 months a t  levels o f  about .'V) l g  Ci1'!m'. 
G d m i u m .  zinc-. ,and copper-rontri ing protci? ffrrc5ons uc rc  oaraiocd her. tt.e lung% a:d 

7 . -  - kh%r:-s-of rhric'inimals bv diaiyris and ~ e a h ; i c x  gci cn romaromfhy .  TLr ;rotciW o i  tkc 
lung and kidney chat bind rhcre rnculr do nor appear t o  be idcot i rz  but t a w  p r o p e m u  in 
common. For i hc  firrt 9 months of  cxpcrurc. &c mijoriry of d m i u m  in r i c  !ucp ii bound 
to a low~molcculu-weifit component mcmbilng mrrrllothioneh. where= L?c k i c n r . ~  oi 
rkcx  animals-porwr an additional 30% o i  rbc rvriiablc ca3miun bound to w\rnl 
pal!pcpddes .+irh molrculu wcigjn o i  bcrurcn 1000 and 4S00. After 13  a0n t t . s  of 
cxporurc, no mrrallorhioncin-likc fraction uu obrewcd in rhc lung bur w u  obxrvrd  in t?.e 
kidney. I n s t c k 4 6 5  o i t h e  availrbir iung cadmium w u  contlined in rhc u l a x i k a c  boued 
to 1owrr.molccuiir-urifnt cornponean. 

C , / j 5 T Q s I J  I F@!C u VQFy a 

- . . - . . . 
Al~5ough the absorption, dis:<oution. metabolism. toxicity. and excre5on of 
cadmium has been the subiecr of extcr.sivc study.'.: less'rcsurch has been 
concerned with respiratory dczosirion and ~ b s c o u e n r  met;5o!is.lr of ca6rni.u~. 
conrainilg dusts, ae:osois. 0: s .  Horve-;c:. i?c rela:locsiip 5c:urer. 
eiP:aad !eve!s of czdzilium in :%e !cn: ar.j = u i = o n a ~  :=?:1:s:--a c: ::cact:tis 
kzr, bc:n not:? for yc:~ . '*!~  

The n c x b o i i c  iatc or' iz=--i-z-coz:Sni?g coir.?o:n5s a:--::is::-c . . 
3:k: roctcs o i  exll.' I-" ?as bczn ioi:o\ve= From sdcn :?ves::zz<:xs :t 5s 

. .. . . .  jc-n - * - - - a  --.--.:skce :=::, :Kc: z:sa:=e:. ::=.7.:=.7 ::::'i:;. :::z::s .: :-.: :izs=; 
. . . .. . . 

z . 2  L-.:n sx12s t o  ::.c ::: blooi :::is ;rhe:: :: ~ s s 0 ~ : ~ : C s  3::: :e7.c;::>:z. ;2 :2s . . 
~r ZICC.  ~c r :x~ iz : : cn  :> :he 1:~:: :>==:z::s z:zcs: :==::i~::::"-' : .xL--- ..-,. 
. . . . c isrges; canc:?rxtlon s :a :c\r--o!:c=~z:-~r:::5: ::::::x. 3c:i: .. .. 
;*.- ... ~oncin.  ~ f r e :  an ;r.juc:ion ;I< oi ic\.cr:. 50~:s: .-'-'" D.::::? ::.: firs; 2 2  ;- 52. 

. , . . :oilo\ring i n  in!ec:ci dose a n i  J ~ C :  re-c:::.: :-:c:::or.s. .--=?:- --. ::: :,s:, LC:? 
. , :ound ~ssos:ztcd rr~rh h~gn.xoic.--!;r-:vc:~'r.r ?rot::?s .n li:.:: znl: i . 1 ~ .  
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C 
ney l  ?.19.:6-:8 which to date have becn lirrle cha:ac:c:hcd st?~c%:dly. The 
hip.'..nolccular-\ve:ght protein-cadmium associauon in espcimcnts \vi:i rc. 
pcatcd doses hrc been postulated as represeating excess cadmium spillage iro- 
the sequestering m e t d l ~ t h i o n e i n . ' ~  After tl.e first day, cadmium is iound in the 
ki6ney as wc!l as in the liver, again principally bound to mctdlothionein. These 
two orpans acr~mulace  rhc bulk of rhe mc:al administered by injcc:ion or the 
oral route with r e v  lirrle (about I?;) being distributed to the lungs.' ":' 12 

one chronic in::darion study, pulmonary absorption w+s calculated as re?re 
senring 30?b o i  =\at inhaled, and only 10% of the to td  cadmium recovered 5 o t z  
ihc lung. live:, and kidney remained in the l ~ n ; . ' . ~  

This work has been undertaken t o  er.aluarc the response of the lung to 
cadmium oxide acrosols since studies relating exposure t o  cadmium wirh lunz 
disease have not  becn foUowed by more derailed work directed towarc 
elucidating rhc molecular mechanisms of toxicity. Cadmium w u  m c v u r e d d t c :  
vaning exposure periods and located wirh respect to in ~ b c c U u l a r  disiribuuon 
m d  protein srrociadon. Its disuibution among the diiiercnt protcins of i!c lurg 
cvas compand uirh that o c m m n g  simuluneously in i7: kidney. I t  au ex?ec:e= 
that inhdcd cadnium would be bound to some protcins bearing structural 
simiiarities to each vrhcr rr well as t o  those isolated from animals given cadmium 
by other router. Since a t  least the protein mcullothioncin, whcrher extracted 
from the liver o r  kidney in a variety of h o r r ~ ~ ' - " ~ ' ~ .  has becn demonstrated to ,c 
ltsumprion seemed reasonable. TKs  paper prcscnu data idcndfying ra: lung anc 
be renarkably similar in amino acid composition and metal binding,. ~5is  

kidney cadmium-binding protcins in terms of their molecular weights and meral 
compositions a t  moderately advanced stages of lung fibrosis as measured by lifnr 
and electron microscopy. 

MATERIALS AND METHODS 

Animals - - - Each e x p e k 7 e n i i  group wrr composed of 15 conrroi and 15 e q o s c d  white 
Soraeue-Dawic:. r irs  (Laborator). Sexicts)  char wcrc 3 monchs old at i i e  
commencexcnr of i',c innaiadon cxperimeau. Body weighs commenced a a 
=:an of ? j 0  = :O g i 5 D )  azzd wetc 515  e 1 0  ; !2Sl)i at 5: zinc o i  dcith. The 
a".- *.... ,ais :ve:: zi:,taiae= in st2aiess-s:e:i :=ges in :?-concitioned ~ 2 1 ~ ~ 3  :; 
sr;ndara !abori:s? ikow i P ~ r i a a ,  \\.\.it5 :ap \vatcr ai : i j ; :xm. 

Inhalation Chamben and Aerosol Generation 

Thc zninxi txposure chambers had an internal voiumc of 12 it' \v1t5 a 
conicd top ierC i n d  bottom exit. The aerosols \vex generated by parsir.; 

,iucnt nc5uiized cadmium acetate through a 6 0 0 ' ~  oxidation furnace. The cfr 
airmeam rvas iooled by a scries of condensers so that the final tempcram:: 
en::rin$ the chimbcr ranged from 35' to 4 o D C ( ~ c f .  31).Thc effluent from the 
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c k i ~ b e :  vu passed through an absolute fire: beiore vennng. During Lie 
rx:csux periods. ac:osol particles in a knoun volune of air from &c exposure 
c h r ~ b e :  were collc::ed on Millipore filters for me:al a..aiyscs by aiomic- 
absonuon  spcc-~opnotomcuy. The size dismkudon of Lqe ae:osol in L?e'.. 
c l & ~ b e r  vu m e m r e d  ~i& a seven-stage .%ndenen i ~ p a c r o r  equipped u i k  a 
47-m Type .U. 0.8.wm Millipore backup fire:': (mass median a e r o d y n i ~ i c  
dir?c:c: = 0.15 LIZ. og = 2 . 5 3 ) .  Atomicabsontion spe:no~norome:n was used 
to i i i !xe  dl srirrs  for ze.As. The chmicaJ composition o i  t!e panicles ;vs 
vcri:i:d by X-ray analysis and e!c:uon spccaoscopy for chexicll mal!sis 
(ESC.4). In solvtion. CdO is insoluble except in &e prescncc of acids or  
~ r o n i u m  do." 

. - . . 

lnh~la t ion Experimenk 

The in:aiadon procedures used we- previously esrblishcd in tk:se 
0 : 0 e s . ~ ~ ~ ' ~  Groups of  15  anixnds eac5 we- housed u i i ~ i ~  5 e  
~LX'XT in coz? rmes ta i .ked  rr; ir jessned i z c h  for b e  d u n d o n  oi  5 c  
c~os ; : c  pc5od. liter u+i& h e y  we- r e r ~ n e d  to =leir q i u  quGcrs .  
E ~ o r ~ r e  ~ e r j o d s  i u i c d  5 to 8 hr per &v;S days per w e e k  for a total d u n i o n  
o i  9 to 13 non5.s. The =can c h a ~ ~ b c :  concext-.uon for csch e.Tosure ?e5od 
u s  - 3 .  2 7 (SD) pg cdY'/m3 and 282.1 $ 95.2 (SD) gg cd:'/a3. 
rcr?e:5ve!v. The a .  number o f - c o n t : o ~  for each e v c n m e n c  we:c 
m&i.&cd ir- a i ~ r i i i u  air-now aooanr l s  for the d l n a o n  o i  i?e c.yeri7lc-L . . 
On *e !@ of a respiratory c 1 c m . n ~ ~  of 0.01026 m'lhr rimes th&mbc: - of 

in LL,C ck~?-~?s have inhaied 4 6 ~ T a n d  S48:.i pg 
- v  

C$:-.'r.r. taser:ive!v." At p u h ~ o m o a m c ~ i  d c ~ o r l n o n  nrcr  of 0 2  1002 
oi =?at s n r i c a  ~e c d c ~ k t c d  m o u n t  oi-2 pg i o r  the 
?--on* exposu:e and 1371.9 pg ior ~ 3 e  I?-monch itcxponrre. The cadinjum 
recovercc from Lie lung =considered a d i e c r  reflection of b a t  absorbed d t e r  
dezoririon, wire-rc kidnev a d m i u m  uxs assumed t o  d s o  inciudc rhc frac=on 
a S s o r i 4  oker  i ~ g a z i o n .  T:-.c quilibrit.. concenca+on for the !2 w u  a h u t  
l:c-- ~ $ 2 -  ce: azid." Afrc: e s ~ o r ~ r e  oi 15 ao.?<:s. L ~ C  kit-e.,. ... 
cs:::zr.:ion i a c  no: :tzc.'.ee' an eguu:briun \aiuc. 

R e r ~ r , r s  and Glaamre 

.L :i::.1c::s :s:= fo: 2:Lvse we= 2i=::2- 0: c: ::2zzz: ;:see, .A- ..v::e: . . ... . . .. . .  
5 :  5 : 2 ; 3 s a s .  .+!I giurxzrc  Was 2011ec :- iFi .-.. . . ..-.,. i::icu.e: :y ~xs::.; :.? iisS!c$ .xatc:. soake= k 1% , \vrvi  e=:yiezr 
. . . . .. .. i:.-::e::::ii;:::c ~ C : O  013C::m salt iEDT.4). i n d  rinsed sgrin 5 t9 1 0  rizcs. 

32iie:s  [ :omposci  of O.:f.:l sue.-ore azd O.OOi.:I :.ln::.~-?- . . . . ~.::::cx).-ern!.iJ.i.:-~ro:anedioi (Trlsr. pH 7.4:  0.0111 Tris. pH 8.6: 2nd 
O.CJL:I Sa: CO,. pH 7 . 6 )  u.crc prepared on the d;y o i  use. C~nc:ztratcd srock 
so:~.:ions o i  ihc metds  2nd d l o t h c r  solutions wcrr prcparei .u prr:~o-sly 
ce~:<>ed.~' 



K A P U N .  B U C K S 7 5 t ; E .  A N D  R I C H Z A L E  

.Lqalyscs were p c r f o n c d  on r P e r  0 3  atomic-absorption 
s~c:~ophotomc:e: equipped u i t h  a Boii-g uiplc slot burner and an air- 
accsicnc flame. Sezsitivity o i  L>C i n s ; ~ : n r  for cadmium, zinc. and coppcr 
:as 0.01 ppm at lob absorption. The dc:c~rion i izi t ,  under the cxperincntd 
c?ncirions, w u  0.02 s!ml for d l  tnrce mc:ds. 

.4I supernaunt samples wcre diges:ed u i k  24th tctra.nekylmrnonium 
hydroxidc in nechanol before analyses. Di~csrion required 1 hr ar 6 0 ' ~  in a 

s-ancard tun-a were and:?cd concurren,dy. External stan&rdr were used. 

Preparation and Fractionation of Time - - --.- - 
%irb the use of a previously cs:abikicd ancs;5e:ized nu were 

opened and their lungs periused through Lie h e m  ui th  L T ~  sucrose-Tris buiicr 
(pH 7.4) to rezove t+e blood. The lungs wcrc then u-rshcd 5 runes uith a lOml 

.. ... bc5er via n ~ 5 e d . c i ; r n u l a d o n  to rcaovc alveolar ;;;acrophagcs, lung wrfacunt. 
and any rcmainine cadmium oxide pardcles."-" af::r which they wcr.. 
mi?pcd of the bronchi, rinsed, weighed. prcsscd, and homqcnizcd (see "Rcsul,,:: 

.. . 
0 

and Discussion"). Kidneys were rinscd. wcig'ncd, and uansfcrrcd dirccdy to thc 
coid s u c & s e - ~ r i s - ~ ~  homogcnizidon zedium. TI respective organs for cach 
cx?criGcnt wcre pooled beiore homoncnization and fractionation. For somc 
cncrimcnts rhc organs wcrc frozen and stored at - 1 0 ' ~  before homoecni- 

The homogenhadon and fncdonadon procedure was an adaptation of 
r.a&rd mcrhod~ ."~  ' ' 394 '  F o r  cach prepantion the orzans from five animals 
were homogenized in 5 volumes of :he above-mentioned sucrose-Tris-HU 

xczi conc:n:atlons. 

Uliraiiiiraiion 

Canccnuarion to onethi rc  of Lie onginai volume ;van 7criorncd vnacr 
zitroeen a t  50 psi a t  4 % ~  in n thin channei serarator c?uispcd with n Uht-2 fiitc: 
I--oiecsiar :veifnr cutoff. 1000). The fi.-.aI uirr2:'iitz;rc (3 iour  ! j mi) \\.as rinsed 
fro- the filter with 3 by 1 ml buff:: and acp!ied dirccriy to :he first coiumn 
(Scphadex C.iS). 

Sodium carbonate buffer (0.001.\I). pH 7.4. was used for di3lysis at 4 ' ~ .  T 
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thrcc :Imcs during a 2i-hr period. The ce!lulosc al lysir  mbing (molecular weight 
cutof!. 3500) was pretreated to remove contuninacing mc:al ion~. '~. 'O b r p c r '  
pore r ~ b i n g  (molecular weignt cutoff. 6000 t o  80001 uas  uscd in a second series 
of cxpcnxents follo~ving the first series (see " R e s ~ l u  and Discussion"). For the 
cxpcnxental group exposcd to CdO aerosols for 13 mon~?s ,  the original 
protocol for dillysir was altered to inciudc the usc of the ultrafiltration 
appararus to dialyze the su?erna:anu. In this set, after cenrrifugztion. the 
soluble extract was concentrated and the ulrra.!!laate uas dialyzed rwicc in 
succession within the s m c  system with approximately 20  volumes of the buffer 

. .  . . . . .. . . at  50psi. . . . . 

G E L  FILTRATION EXPERIMENTS 

Estimation of Molecular Weights 

For the cst inauon of molecular u.eishu of rf.c me@-binding proteins. 
.. 

sampi~'i~ei~'chromarographid at ibc on Sejhadex Glob; C-100. G-75, and 
C-50 in columns equipped with flow adaptors for ascending and descending 
chromatogkphy. The rcspecdvc bed volumes were: 215 ml. 254 ml. 3 i i  ml. and 
44 mi. Tris-HC1 buffers (O.OLI1. pH 8.6 and 7.6) ivcrc used at fiow rates of 6 t o  
30 ml/hr depending on the gel. and fractions of 3 ro 6 mi ivcrrcoilecred. 
Reference samples (about 1% of the bed volume) were 0.2% in blue dcvtran and 
contained 0.2 to 4 mglml each of two of the relevant reference proteins. The 
seven reference proteins uscd were (1) thyoglobulin. (2)  cataiasc. (3) aldolase. 
(4) or;lb;min. (5)  chymor<.Tsinogea A (6) ribonucleuc,.J.. and (71 insulin. A 
cadmium glutathione complex was also used for the Sephadex G-SO column. 
Two to four rcfercncc proteins wcrc fncrjonated on each column prcccdinn each 

, f i lmtion expc::xent. A srandzrc cumc was dcrivci f r ~ r n  a ?lot of lop moler:!ar 
u,c$:lr vs. ciurion colurncs." E!urion v o i u x n  (V,! we:: zonl;@re= s t  250 and 
254 nm. 

Before each :xsc:iment the co iuzzs  we:: :rtatct ivi t i  t i e  elution ~ ~ i i t :  . . 
containing 10.00!.:1) ~rrbo-;ie:szr~rciizc :o r c ~ o r c  ;o~:aminl::r.g 5c:ai :ens. 

Isolation of the '2:'-aindin~ Protrins 
of the L u n g  and Kidney 

. . .  . . .  
%15?les of ti: ? o n ~ i ~ ~ s : b i e ,  n0nci:rzf:::crzjie z:;er;ah 1107. k7.s ,>T K;;:.::' .... 

rve:: ip?i:cd ;c 1 zoiuxn pac:;ec with Se;f~aics G.7: "izc g r r i e .  c?::i:or::c'i 
. . wtr' O.J2.\li Tr:s-I+C! bu;ic:. ? H  S.6. The :i:?zc?.r i fom ::C LC:Uxn :<as 

mun:cdrcd i t  253.: nmand L . u ; l c ~ ~ c J  in .:-to j-m; aii$c.,rr. Sdmcirs \vc:::ur: :rum 
botron ro top  3; 1 :?o\v r3te o i  !O r . i h r .  ;\I! cxperirncats rvc:c acr<or=ci 1: J'C. 

4 J  The i r~c t ions  trc:: i r ,~iyzcd fa r  3e:aj 2nd prore:n \vhcre neccrsir)' and were 
poo;ci lccoraing :o rhc mcrai.ion ciu::on pz t i e r~ l s r .  Tkc >ool<:'. f : 3c ; :~n~  '.Yere 
conccnrr~ted witk.'ln u!rr~ii i tr i t ion ur.11 cquiipcd W I : ~  a Cl l -?  ar C51-10 iiircr 
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(depending on rhe noi : r~lar  wcght o i  the i:l::ionl before subsequer.: 
reapplication on the ~cc:e6.ing'colcm~r Gel fiina:ion cxpcr ineno conaucre: 
on Scphadcx G.50 were p e ~ o r m c d  u i ~ i  0.0211 potassium phosphate buffcrs. ?:?. 
i .4 .  .411 f r lcuons  that we:e net  conccr.::atcd and reapplied to the succc:ci:.: 
column(s) werc lyophilized and stored at - 2 0 ' ~ .  The results o i  several fiiuatior. 
experiments will be discussed. 

Light Microscopy 

Tissue samples from t.k rwo groups of animals (three experiincnrd anh,Lr 
- and 'three concrois per grorp) exposed to CdO for 9 and 1 3  months were I&::. 

for cvduarion. 
For roudnc e u n i n a d o n s ,  tissues were fixcd in f o n d i n .  embedded i: 

paraffin wax. and secjoncd a t  8 ;lm. The secrions wire s:ained ui- 

hemaroxylin and emin. 

.. RESULTS AND DISCUSSION 
. - 

scattered throughout the alveoli. One rat showed a more advanced fibrosA 
Occuionally proliferative lesions werc seen in a11 exposed lunes. These conrlstec 

- . of small~papjiloma~like c'xc:escc~ces into che !uncn of the r e m i n d  bron:.iiol= 
They were n a d e  up of fibrous risrdc wi:h i~~,?hocy,p:loc?.dc in:lcrites. The ~ d f i c :  
w u  covered by flat epiLL.eiium. Sipnir'.:mr 5brosis of the pleura wrs absc:: . . 
Lungs. oi the controi r i s  showed :he a s u d  i i s to ioec  srrx--re u1:zo.r: 
laLioi+c oi:emrions. . .  . . . .  . . . . . 

-L. I . . -  - '  ... : c : e sc~~ ic  :s:~:?=::an 0: ::: .z:g 0: 3; zz;=zs ?dunir:a 2::: :: 
. . 

csposu:: r::.eri:= ;n i:- in r:t Foror3 - of :he rzs-- . . 
bronc.iioles when cc~:=rr:: 5rj.J: ::*is :x?oscd io: ? zo::>s. Sac::;: i:z::z - 
for iibrous tissue zno zcscic :issue sho\vcd that t.ie 5 j r o u s  :~SSJC 'YS 

coilagenous. S o  3diir:onai rignific~n: aifierencts we:e prcscnt. 
The microscopic c s a ~ i ~ a t i o n  o i  rkc kidneys csinp H & E 5:ained scc:isr.r 

revealed focal interstitial neahriris with rare foci of fibrosis a i tcr  9 mon:+z 
exposure. No addit~onal ckangcs \cc:c obscrvcd aiicr I ?  months that  couia be 
arrriburcd ro CdO. A slicnt rnickening o i  :he Bo\mman's capsule .sss obscrvcc ir. 
?I1 animals. bur ir is a cornrnon f e a ~ r e  in rats a t  1 5  to 16 months. 
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Prcvious woric in these laboratories hu established L i s r  ancc lnirnds a- 
~ ~ 

ex-oscd t o  t9c ac:osols for scvc:d w c t k .  the rnaioris  o i  the cadmium a - 
axociatcd u i t h  therolublc supernatant of the c e l l s . m r  9 a o n t h ,  cadrniux 
Ic:.c:s begin to reach a plateau in the lung. Thc ap?roaci t o  cquilioriun - - - 
conccnnauons of cadmium in the lung after this p c i w  ha been tentative!). 
corciatcd ui~:,  rhc appearance of lun; parholop,  u a s  only e,:icc~t aite: 
t%s ex?osurc. Light microscopic exminadon  of the kidneys of these a n i n a i  

- .  
. . indicated pnlx jsolated pa tho lq icd  changes. and equiiibriua conccntr;rtions 

werc not apparent in the kidncy cvcn after 13 months' ex?osurt. 

- .  Biochemiul . - .- - .. fractionation of both o rgap  has dcmons:ra:ed ro;nc similai.tia 
and dEfe:enccs.'Hlf the homoeenates from 10 lungs ani 10 kidnc!-r were used 
for Cic prc?a.radon of the material subsequently described. 

Dhi>3is u?e:irncnrr lasdng 24 hr wc:c pcrionned o n  i l e  100,000 X g 
sz?e::aczn: f a c d o n s  of both lung and kidney from L:,e w? ex?osur: 
~ ' o a  For tik c n o n r r e  period, Lherc were maximum losses of about 10 to - 
50% of the cadmium. 18% of the available zinc. and 3 0  t o  45% of  the cocpe: - - 
i r o n  t$efi-tanr In the kidney. s h G  u e a t n c z t  yit icec a 4 5 5  loss of - . - - - . . . . - .. - - 
c;=raiu;n.a-50% loss o i  z i ~ c .  and a 55% loss of copper TTzblc 1). ..- - - 

W h r ~  the d u l > u t e s  were separated on Sephadcx G-75. t i e  :oral recoven 
u%s 90 to.100% o i  that  applied. The elurion profiles of the m:enannts from a 

I, 
9-month txyosurc moup i r c  shown in Figs. l (a)  and 2(ai. CL.onatogmphy o i  
h c i c  d G l > u t i s  indicated that e=rn was primariiv associated-uich a 
low-molccular~wci~ht cornponeat of about 12.500 in both organs (\I, = about - 
3 2 5  rni).A .disdnct difiercnce in the relative ratror ot metzis u u  obscr;cd 

. . bcwcen-.!I$ lung and kidney for this fraction. In the 1% d e  crdmiumlzincl 
copper mole r an0  wu 38 : 8 : 1. whe:us in the k i 9  a consiccrzbie 
rcdisuibuuo;l of the mcrds, prcnrmably through meuboi ic  processes, u u  
evident in the rcspectivc mole ratios of 5.3 : 1 : 4.6 fo r the  same fraction. These 
ratios arc c - ~ e : ~ e d  to change somewhat uitn iurtne: ?urificiCon. TLe ap32rez: . . . . . -:lc.lliu;n~:L~c.'~o?~e: moie ratio in thc kidney may be a :::le:r:on or ::c 
prcsenct o i  two i s o s r r ~ c x r z i  >roteins as iras been previously o i n c s t ~ ' ~  In rhe 
h2g.  t.1~ noier~iar- \vclpkt  i:acrion rcz::senrcd S j 9 j  oi tire :;dz~krz. : !Oi  o i  - 
tkc 2::~. an= ?Bob o i  i j e  i o m e r  put on ;kc :olunn. For :he 1-:. - ! ! T : . ' . e  - , . - -. c :  P C ?  si :ie zinc. z?: 42% o i  :kt :cc=t: Y:: 22 :ie :::::.z -AY:: - -  - - - .  . . . .  . -czO-c-.' .> - ----. . -  . . .-- .. ..-..;ox. The a o i a r  :at:cs o i  :lt:a::bk YJI-----.* ... . . -. . -  . . ..c::sZd -- ;a 

, .  . rr.c:: :r. t.:s :rac::o: :vex 3s ioilo\\r io: ::c :cs?e::!ve o:;;:. fr:c::c:: 

,It 1SH1 ;rIl t S H )  -%I ISH) ;It ( S H I  --- 
I c ;$I zn ;it CY -11 tcd - LY - C Y I  

Lung 2.59 13.89 65.97 2. :  1 
4.36 21.20 5.1: . .. -. . - 

.A h ,chc r~o iez : ; r . rv~ igh t  cadmiurn.<onta~ning coracsnc-: :r.ss abscr;e= - i:: 
rhc !ur.?. T h ~ s  irlc::~:: rc?rcscnrcd 10% oi ;.ic rota! iic-.:cm. -!I)'> a i  :hc z::i. - - - - 
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Lung. 9 monms' 1xsoslrr 

ELUTION VOLUME. ml - (11 

Control lunl 

-, . .  :.,T!ON VCL'WL. 7' 

191 - 
ns. scph.dcs G:! gel rlvdon proiilcl o i  h e  mpcmaunt  fracdan *om 

bc luner no expovd to 0 0  rao8ols tl47.5 rnplrn') f o r "  
m d  

(b) be= p d r d  conrro15. ~ h r  coiurnn 18: by 2.5 c r n ~  u.5 eluted i t  4% nib 
0,0:\, T & - H ~  buffrr, p~ 9.6. ar flow rates of 30 milhr. Frxdons ( 0  

wee c o ~ e e t r d  md a n ~ y z r d  for cd" GI.  Zn:'(:). Cu:' (O) .md  prorein ( = I .  
opdcd ,jcnsiry 250 ~ o r h  supcrnamnm were Jid?.zcJ 81 4'C briore 

rdtrltion. 1he a'' conccnlrzrion of rhc d u l y u r o  w e .  ( a )  20.55 u ~ f m l  
m d  ib) 0.008 rgtrnL 
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- 
Uian.~ .  S mmtnt' n p m n  

6 2  - 

ELUTION VOLUME. rnl 

111 

Control k i d m  

ELUTION VOLUME. ml 

Fu. Z Se?iudcx G;ll f l  cludcn prom- o i  h e  u w m r  facdon kon 
Lidnyr  of %J 1.) cxpoud to CdO u r o s o u  134i.5 r n ? r o ' l  for 9 man*'., 

md (b) h c i z  p . i r d  conrob. The column (82 b y  2.5 an1 *u e!urrd st .ICC 
,,id, O.OZI~ T*-HQ builrr. p~ 8.6. at  flow nm o i  50 &.. F a t o r s  
(6 md majyzrd for CJ:. t l .  Za:' (11. Ca" b 5 I . u . i  
p r o e n  ,:I. opdcd dcnciw st :!O nm. B a 6  upc~aa?o *Ce <L?zcd U 

A'C b.=.orc p4 filmdon. ~h~ a'' ~oncen=3on in n c  U ? m 2 s  sm (a1  

5.55 v y m l  ma I b l  32: oglml. 

and 2 3 0 ;  *c sooocr. ~h~ moicr-!ar weir:-.I was 00.OC3 JI zbsve s:zce k c  
I 

& - 
c o r n p o n ~ n r  eluted close to the void voiumc. .+ r!niilr cCm=J:cZ: was ?- in 

I 

rhc k;dncr in lcucr ~ ~ a n t i t i c s .  Gdrn iun  has Secx ;rcic-siy otscr:et :o i c  
bound :o ~ igh .&oiecu ia r .u . c i~  cornponenu in the !iver f c : i o r i r .  .'.1p5 i-:-::on 
jc\.cis,: \\.hc:her this fract ion re2rcs;n:s - " r~ i i l l ec"  fro- :?.e mc:5rc::np 
rnc:zi!srhior.cin o r  initial binding t o  a l a z e  prorcifi 'X!0:C s~z~!.:s~s 0f 
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m c ~ l l o t h i o n c i n ' ~  cannor be determined ar present. The synthesis of L-2s: 
exc!usirely cadmium-rhioncin in the kidneys of raiijiu has been reuoc:i.:' i: 
is inreresting that, under the condirions of the present exjerirncnr. ~k::: 
represent c h r o ~ i ~ c  exposures. a fraction rimiiar ro cadaium-thioncin (by \-:%: 

peaks: fraction 1, eluting in the void volume (60; total supcrnarant c a C n i c l  
and fraction' 2, eluting a t  32 ml (207; toul  rdpematant cadmiurn). 6::: 
fracrions were concentrated and rechromarographed on G.50 (Fig. 31, u't::: 
additional separation occurred. 

F i p r c  3(a) is the elution profile of the hipher-molccular~~rignt fracdar: : 
from G 2 5 .  Two cadmium-binding cornponenu are apparent  The f in t  e- 
ponent, with r molecular weight of >10.000, h u  A, a t  255 and COS :=: 
(r,,,., 405). The cadmium recovered uxs 300) of that put on the column (: :: 
2% t o u i  niptmntanr cadmium). The second component wirh V,  = 45 ml a=: ; 

molenrhr weight of about 4500. h u  X,;ar 225 and -53 nm (E,, , . .  225! 2. 0 appcrn t o  be a binary mixrure since the A,. at 273 nm peaks at V, = 49 --: 
whereas [Cdt .is a t  a mu&num at  V, = i C  ml. The cadmium recovered uas c:' 
of &at put on the'colurnn (about 376 toral supcrnaunr cadmium). 

' . Similar uluaviolct absorbing components appear in the elution profile sDc?: 
. . : in Fig. 3(b), which ori,%atcd as the lower-molecular-weight fracrion 2 f r cz  

G25,  The third component. eluting a t  64 ml (molecular weight of about XU' 
conuins 25% of the cadmium recovered from the column (A,,,.. 225. 264, i: 
290; em,,., 225), and, o n  the basis of its ulmviolet specmrm. it appears to 5: 
purified constirucnr of the binary mixrure eluting at 50 mi in Fig. 3(a). 

-. . -.. .dncripdo&:After a 2+hr dialysis exper i~ent .  45% o i  the avai!able zinc and :f' 
of ttte available copper were removed i:om i:c supernatant (100.000 x 
frac:ion) of the control lung. The t o u i  s e u l  concentration a t  this join: .A.; 

0.18 #$!me of prorcin. In the kidney. siviiar r r e a n e n t  yicided co  lcrs : 
c;dz:~m. 3 550) loss of zinc. and a i O o j  ioss of c o 2 ~ 1  !Tibie !). TLe :ot2 z e : :  
c o n c c ~ r n d o n  was 0.6, P g n g  o i  ?ro:eiz z: :tb s.jre. 

The SeaiaCex G-T5 eb;:ion ?roii::s fa: :kc cor.rroi lnimais are sho\&'n l? f $ 
l ( 5 i  and ?(bi. TCc \as: ma,ioriry or':.".: ?rotein in :onrrol lung and kiCncy Kz: :  
in the void voiumc of [he coiumn. ahnough a s ~ a l l  amount of matcriai :r. :- 
1?.000-moiec~iar.~veigi,r r:ngc is o b s e ~ e d  in the !iiiji.y. 

Farther factionation o i  :he hi;h.moltcular-\vci~ht !ung prorcins on SF.-. 
dcx G100.  with similar treatment to that described in Fig. .l(bl (flow r;::. 
mllhr), yielded two peaks: (1)  a lo\v.moltcuhr~\vcight (<?.C.OOO) compc::: 
rhar rcprcscnted the majority o i  the protein anc ( 2 )  a 
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Fig. 5 Scpnadn G.50 u? t?don  o i  Jiaiyzablc componmm !?om hr kidney, 
ui  nu L X P V X ~  to C:O !or ? munms. Tbc rvlumn Jimrnriuns were 1.5 cm by 
50.0 cm. Elurionr wee curicd uuc r r  4'C \%irh (a) O.UZ5.lI phorphatr buffer 
pH 7.1 and 151 *I.O?!.)I Tris-HC: buifrr pH 7.3 at 110,r rates o i  I 8  ml lhr I 3  
m l l h c d o n ) .  (31 ! a r c i d  collrcrrd from fracdunr 4 to 6 o f  he pmrtding G-25 
t xuadon  (4.07 ;g W".'mil. (bl  Matcrirl rollcctcd from frrcdsns 7 to 15 at 
hc prcccding C.25 Nuarion ( 1  1.0 us CJa'lml) (uc text). 
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(>150.000) conponent : k t  :vts ?r:s:zt in s-i l  c:sn;jdcs. The kidat? ?:s::i:.s 
have no: been ~ i r i i i e d  on G ~ O O  to t i i e .  

Becruse the inrersritial discue o b s c ~ e d  5y tiq5.r micoscopy u.u or;::.. 
moderately advanccc! i t  ;ie end o i  9 nontks. one e x ? e L ~ e n u 1  k o u p  was lc2  L? 
:he cnarnbe: for 15 mon<:r Fzc5or.arion oi tkesc organs was iocnricd :o [:.a: 
of the prcccihg desc;i~rion excej r  < k t  ckiysis w u  pen'omcd through :he .rx 
of m ulcx7iasdon a p p z r - ~ s  equi??ed u+jr a U.\l-2 me;ilbr;r.c ( n o l o i a  

a 

Dialysis IU u1o; i~lmdon of i?e i n ~ p r o l l b i c  sJpcmatant resulted m 60% of 
the available c o d ~ i u m ,  4 0 4  of the available ri.'c. and ? S u e  of the avai!abic 
copper being removed (Tible 2). The me-d concencadon in LSC rcziainlng 
d i k \ u t e  uxs 0.2: ; lg / rg  of prorein. lderrdcd r e a n e n :  of kidney supematant 
r e loved  onlv 18% cd2'. 103 ~n:* ,  and 10% of chc available CU" (Table 2). The 
m r d  conce~r.non in r i e  :enai%o.g dizly%:c 1-s 0.14 pgimg of protein. The 
G;5 m d  G l M )  e h a o a  p:oiiia i o r  &e did.isa;cs of UC!I orpm are shown in 
Figs, 4 and 5 .  .b M be deduct6 k o a  Tabic 2. i ~ c  total c c o v c )  oi cia* from 
the G i 5  coiumn u u  58% of List appiied for r3e h n g  and 100% of that applied - .  
for the kidney. - -" . . .  

The mmt're*uiuble change noted in *e lung supemaun t  u l s  the virmll 
absence of a iracdon ~ i r h  a m o l c c d u  a ~ i n h r  corresponding t o  that of 

..I"" 
metallothionein. The w o  cz$zi~n-bindkg fracrions present correspond to 
molecliar rcizhrs of >1?0.000 (void voiune e l ~ r i o n )  and 3900 (fracions 1 and 
4, rcrpecd%~!y, in Table 2). Chromatography of the finr on G I 0 0  [Fig. J ib)]  
resulted in funher w y r a d o n  of chis high-mole~iu.wcight fraction into nvo 
med-conuining componcnn, ea& representing 5 to 6% of the ori$nd 
supcrratmr cadmium if we ad jun  h e  fipm t o  account for the low GiS 
column recovery. F n c d o n  4. eiuriag a t  410 ml from G-75, rcprcscntcd 2% of  
the total cadmium in the supc imrmt  and L d  a molecular weight o i  about 4000 
with eZS0!280 = 1.5, as did the mail fncdon durinq a t  425 ml from similar - 
Z ~ ~ C J :  of b e  9-1110n& lungs [see Fig. l(a)I .  

The Gi5 gci i i a ; i o n  or' the kidney iiaiysate sc?~ar:d zpproximar:!y rhc 
s m c  nude: o i  -:-A-binding conponcxs  u w c e  obsctved i t  9 months' 
e q o s u n .  r l ~ ~ o q h  LTC ::!advc ?:o?ordons were dre:ed [Fig. S(ai1. .4f:e: 1; 

[ -.on:.'.s. Lt?j of 5 e  a\*.;iiabic ~i", 520; of b e  ira.iilble c.;:'. and 1% o i  the . . ;vaix2;e zn:* we:: :c:o\.ercd in :kc io\r-ole.-;;rwcig5t ~ e : ; i i ~ : ~ ~ i o n t i n ~ i k c  
::ac$o: i (--oler~!i: 'veiph: of !0.500 uirh clfOi2SO = 1.6). Tzbie : !Iss :kc 
rc?res:.-.-.:ive :t:oveT of c ich  3::J izd :he t o u i  prorein ir. L:c iadividzzi 
fractiozs from :kc coiuzns. T t n s  %:ion 1 (V, = 125 t o  223 ni) conrained 
1546. f:;c:ion 1 iV, = 223 t o  290 xi) co5taincd 10°i. and iric:ion +(Ye = 360 1 to 475 n l )  con t~ ined  9% of :kc tstai supe:nitint cadmium.Fric:ion I was 
concentrated and further sc?arared on Sepnadex G-100 [Fig. Sib)\ .  Cadmium 
recovery was 85% of that appiied \\'hereas the lung appears to possess two - .- , - high.noleculir.u~ci~ht metal-bincing proreins [Fig. +(b) l .  the kidney appcsn t o  

5. 
contiin 3 or possibly 4, together toriiing 16" of thc available Cd:'. The smsi! 

....- 
=C?<y ~-$7p*L*~4T-5LA< -*--%.A- L,: - -q=,;. 
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I", ID"  'W . -- --- . . 
ELUTION VOLUME. ml 

(.I 

22 I I I I I 1 
~ u n p  13 monms' e x w n  -1 - 

181 

Fig. 4 Scphdcx 1.1 civdon prar';er o f  h r  w ~ c r r . a m r  h e o m  t o n  nr 
Imp c!uced ar 4.C *,& 0.0:2.)( Trj-i iCi b u i i c .  ;H 5.6. 3+rh au 
periorrncd t r  4'C bcforc gci i i lca=on. i x = o n r  cc;cc=: x c r  rtu)'Zcr !or 

(11, zn:' (qL).CuZ. ( i l . m d  ~ r o l r n  1: 1. o p f c i  CCE?' r: :I0 Gn. 1.1 

DSyvrr )1,88 G p  Cdjmi) .;plied :o c.:? c 0 i ~ m  ;8:  by t.5 -1. flo* rate 
30 5 ml/ktion it,) F ~ C - J O "  1 (116 ro : ?  r J  c!u=oa~ from C.75 

column (0.37 ; ~ p  Cdlnl), rppiied to %:hadex C.100 coiumn IN by 2.5 cml. 
flow rare 6 mVnr, 5 d / h A o n .  CSFOsIrC Ic\c] W u  ?SO q ' m '  fur 13 

monhr.  
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'Ktcnev. 13 monmr' exocsrte 

. . . 0.5 

I t l  

ELUTICS ';OLUYE. ml 

9 I 
- 

kidncp eluted a t  4'C wici 
w u  du 

(a) D ~ . I V Y P  (5.3 

from C.75 column (4.30 rg Cdlmll. n;plicd to G I 0 0  column (64 by 2.5 m). 
flow rare 4 mVhr. 3.ml fncdons collrcred. The exposure level w u  289 pglm' 
for I3  months. 

fb. 5 S c p h d c x  cludon profiles of rhe l u p n r u u n t  fractions from rat 
h 0.OZlf Trb-HCI buffer pH 8.6. The supernaunt 

11!acd a t  4.C bclorc gel filmadon. F rudons  coUccled r c r c  malyzcd lor 
Cd" (=I. Zn:' (L). CU:' (0 1, and protein (t), opdcd  density .I 250 nm. 

7 pg  W m l )  rpplicd to G.75 column IS2 by 2.5 cm). flow n t e  

3 30 mUhr. 5.m1 iracrions collcctrd. (b) Fraction I (135.5 to 223.5 mi elution) 
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frac:ion with an eludon volume of about 250 to 300 A in both Figr 4(b) and 
5(b) conesponds :o a molecular weight of <25.000. 
r We call anention to ~ 5 e  pa tho log  of  the lungs from this L n c r  group of 

animds. which were ?re\iously described as being in a defmirive s u r e  of fibrosis. 

/ Bccixse the lunes arc quite fibrotic, homogenization of the tissue is very 
I d%i. .c~lt  and the yic!d of e x m c u b i c  soluble protein is reiatively low. Likewise. 

- .  ; the cldrnium concentration (2.36 &/mi) in the solublc NpernaUnt is much 
lower than that measured in the lungs of animals exposed for only 9 months (5  

. . to 13 . .. pgllrnl). . This d o n  not  explain, however, the absence of low-moleculzr 
wcig5t (10.000 to 12.000) componenu or  the presence of a ~ b s u n r d  
pcrccnugc of dialyzable cadmium. Further work is in progress, - 

This work w u  Npponed  by the Nadonal lns%tutc for Occ~pational Safcry 
- .  and Health, grant SRO1 OH 003i i -05.  and by the National Institute of 

- En\vonrnentll Health Sciences, grant ES 00159. 
u'c thank Klaus S t c m . c r  and Roger Srnlth for the light microscopic 
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%1de heavy smoken were autopsied within 3 days ponmonem. Samples from kidney. 
liber. and lung were taken for analysis of cadmium levels and degree of protein ?:+ing 
unhin the c)losolic fraction. The levels in l s l i s r .  and L i i v  were= = 0.3.' IX = 
S E \ O . S  = 0.63. and == 8.8 pg cadmiurdg wet u,ei&hl tissue. rcrpc:tive!y. In Liver 
2nd kidney. approximately 75% was -to a Ipw-molecular-u.eichI amtein whereas the 
;orrespanding figure for the lung cytosolic fraction was 569.  a difference being sutisticdly 
~~gnificant IP < 0.051. M e r  concenmtion of the low.-molecular-weight cadmium-cinding 
prolcints) tCdBPl by u l td~ lua t ion  and prepantive isoelecvic focusing in a gnnulated gel. 
the cadmium appeared in one sinple band with pl values or 5.8 flung and liver) and 6.0 
tltdneyl. respectively. It is therefore concluded that human lung exposed lo cadmium. in 
thir case via cigarette smoke. co*s a=. which binds cadmium. 7hc re!ative 
of bB is less in lung than in liver or  kidney. im~licarinP that the @ tau- 
tax;cto the lunpthan to liver or  kidney. as the protein probably server a role in dctosif~inp 
cadmiem. 

INTRODUCTION 

Prolonged exposure to cadmium has been shown t o  cause accumulation of-rhe 
metal mainly in the kidneys, which probably also is the main target for the toxic 
ailion IBaader. 1952; BonneU, 1955; Kazantsis eta!.. 1963). Pulmonary emphy- 
=ma has also been shown to be developed in workers after prolonged high-dose 
crposure to cadmium by inhalation of contaminated air (Friberg er 01.. 1974). 
One possible mechanismunderlying the development of pulmonary emphysema 
involves proteolytic attack on the tissue by endogenous proteolytic enzymes. 
t.ecausc proleases, instilled into the lung through the trachea. produce emphy- 
*ma-like lesions (Gross et a/.. 1965). The emphysema caused by inhalation ex- 
posure to cadmium could thus be mediated by proteolytic enzymes from cells in 
'he lung. The studies by Henderson and collaborators have not clearly demon- 
"rated such an effect by cadmium, however, when the metal was instillated as a 
~ l u t i o n  inlo the trachea (Henderson et a/. .  1979). 

A Prolein with specific cadmium-binding ability. me~al lothi~nein ,  has been 
demonslrated mainly in liver and kidney cytosolic fractions. This protein plays a 
'cnl'r.l role in the intracellular metabolism of cadmium (Nordberg er a/.. 19il)  
by chelating the metal ions in the tissue. and in this way it is believed to protect 
*n%ili\e metabolic functions of the cells. Cadmium-binding proteinlsi similar l o  

' Rcren: address: As ln  Resevch and Development Laboratories. S-IJIU Sd:na:.ie. Sueden. 
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TABLE I 
1s~lr lDL ALS ALTOPSILD - 

Time between dea!h 
Aec and aulops) 

In~ te l ,  0 e a n 1  tdaysl Pnman causc of death - 
K.K. 78 I Bronchial pneumonia 
B..O.E. 69 4 Cardiac infarelion 
B.L. 71 - Pulmonap edcma 
AR. 65 3 Subarchnoidal bleeding 
E.S. 78 3 Pulmonan cancer wi th  mctasla~cs 

- 2  
! 

methallothionein have been detected in Syrian hamster lung (Benson and Hen. . 
derson. 1980) and in se\.eral cell lines derived from pulmonary tissue (Cox and , 
Waters. 1978: H a n  and Keating. 1980; Hildebrand and Cram. 1979). The proteins 
have been shown to be synthesized de novo on exposure to an aerosol of cadmium 
chloride (Post er 01.. 1982). An alternative explanation to that of proteolytic attack 
on the lung. could either be that the lungs in man do not synthesize the CdBP in 
lung at exposure, or that the amount is not sufficient to bind all the accumulated 
melal in the lungs. In both cases. the Cd" ions would be free to excen their 
toxic action o n  the tissue. The aim of the present investigation was therefore ( I \  
io see whether man exposed to cadmium via the airways has detectable metal , 
lothionein-like proteins in the lung and (2) urhet?,:r the Cd:* ions persist in thc 
lung tissue in their free or bound form. Heavy sr;,okers were used as source for 
tissue specimens postmonen. as this category has an elevated body burden of ! 
cadmium due to contamination of the tobacco (Elinder er'ol.. 1976). I 

MATERIALS AND METHODS i 
Five heavy smokers autopsied at the Department of Clinical Pathology at the 

Linkaping University Hospital were investigated. The age and cause of death arc : 
listed in Table 1. The time between death and autopsy was 3 days (mean) with a ' 
range of I to 4 days. The bodies were kept at +4'C until autopsy was performed. 
In subject E.S.. who had a pulmonary cancer. the material used in this study U'Z 
noncancerous. The material was frozen and kept at -ZOaC until processed fur. 
thcr. A freeze-pressing technique (Edebo. 1 x 0 )  was used for homogenization. A 
butTer containing 0 . 3  sf sucrose, 0.01 M Tris-hydroxymethyl-an~inomethanc 
CTris). and adjusted to pH 8.6 with hydrochloric acid. r a s  added in equal weight 
to the tissue before the homogenization. The homogenate was centrifuged a! 
I.(O.OO@g to isolate the cytosolic fraction of the tissue. Samples of thii and the 
crude homogenate were saved at -ZO"C for later analysis of protein content and : 
cadmium level. A sample of the cytosolic fraction of lung. liver. and kidney from . 
eaih individual was applied t o  a 2.6 x 61-sm Sephades G5O column. The sample! : 
were eluted uith a 0.01 M Tris-HC1 buffer (pH 8.6) containing 0.02% sodium 
azide. Samples of 11 ml were collected to later be monitored for prolein. me* 
suring the absorbance a1 280 nm in a Pye-L'nicam SP-500 u\ spectrophotomete~~ 
The cadmium levels x e r e  determined using an instrumentation Laboratov 5:' : 

atomic absorption sp:ctrophotometer equipped with a graphite furnace tlnstrv : 
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,,,entation Laboratory 555)  and an automatic sampler (Instrumemlation Labora- 
:orY 254,. The method gave acceptable signal-to-noise ratios &wn to 1 ndml 
smpls The samples from the column containing CdBP were pooled, concen- 
lntcd using a hlicropore UM2 ultrafilter. and later characterized further by iso- 
clectri~ focusing. 

flat-bed isoelectric focusing was carried out with the use of an LKB hlultiphorc 
$paratus coupled to an LKB power supply (model 2103). Cold tap water was 
,,~d in order to maintain the cooling plate and the gel a t  a temperature of + 10'C. 
me electrofocusing was run in a granulated gel bed composed of 6.6% Ultrodex 
, L I ; B ~  and 2% camer ampholytes (LKB Ampholines) covering a pH range of 
,:..c- 10.0. Samples of 1.0 ml concentrated and pooled CdBP from the individuals 
rere mixed with the gel slurry before being added to the gel plates. The electro- 
ixusing was run for approx 22 hr at a constant power of 5.2 W with an initial 
,&age gmdieni of 20 Vlcm. After completion, a grid was applied to the gel. 
Jividing it into 30 fractions. The gel from each section was removed. voncxted 
In a piastic lube with 1.0 ml of distilled water, the contents were cooled to + IO'C. 
a d  the pH was measured with a combined glasslcalomel electrode. The gel slurry 
ras then filtered to remove the solid matrix and the liquid phase assayed for 
sadmium content. 

RESULTS 

The individuals examined in this study all had their highest levels of cadmium 
In the kidneys. followed by the liver and lungs (Table 2). The kidneys also showed 
a larger variation in the cadmium levels than the other two organs. The levels in 
kidney varied between 9.1 and 30.4 p d g  wet weight tissue. while the corre- 
wnding values in liver and in lung were 1.3-2.8 and 0.2- 1.1 W/g, respectively. 
Figure 1 shows three individual curves from the Scphadex GSO column. Pan of 
the cadmium eluted from the column in the high-molecular-weight protein peak, 
rnd pan of it at an elution volume around 1000 ml, where no peak was found at 
3 0  nm. indicating that the cadmium-binding protein(s) in this region were similar 
lo metallothionein in having no aromatic amino acids. The value of the relative 

.distribution of cadmium between the high-molecular-weight protein (HMWP) as 
'\timated from the Sephadex GLO chromatography and the CdBP similar to me- 
'alothionein was larger in lung then liver and kidney (Fig. I and Table ?). The 
CdBp peak (Fig. I) from each organ was concentrated and I ml was applied to 
!he isoelectric focusing bed as described under Materials and Methods. A single 

peak of cadmium binding was found in all cases, having pl values of 5.8 
'lung and liver material) and 6.0 (kidney material), respectively. 

DISCUSSION 

The individuals autopsied in the present investigation all had a level of cadmium 
I n  around 30 mg'kg wet weight and less. which is far below the 200 mgl 
'a reponed to cause toxic reactions in the kidney (Friberg rr 01.. 1974). It is. 
h Owever. comparable to levels found by others in tissue from heavy smokers. 
*here the tobacco has been shown to cause an additional source of cadmium to 

general environmental background levels (Elinder cr ul.. 1976). The material 
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TABLE : 

TlSsuE LEVELS Or CIDSIILW .<CD THE RELATIVE BI\DI\G TO THE L O ~ - M O L E C L L A R . U ' E I G K T  CdBP 
ASD m~ H I O H . ~ ~ O L E C L L ~ R . W C I G  P L ~ K  (HhIU'Pr . ~ C C O L ~ I ~ C  TOGEL FILTRATIOC ISEE FIG. 1 1 .  

I 
I 

lndir  dual - 
. B..O.E. B.L. A.R. E.S. Mean s S.E.!,i 

Lung 
Total amount leg g 

wet werght t~ssuel 0.29 0.20 0 . 1  1.m 0.41 0.50 = 0.3.' 
Amount bound lo 

CdBP 1 5 1  31 62 b3 65 52 56 s I? 
Amounl bound to 

HMWP r?r) 69 38 32 35 46 4~ = IJ 

Liver 
Tom1 amount (reg 

WCI ue~pht tissue) 2.6.; 1.32 1.79 2.56 2.76 2.21 = 0.63 i 
Amount bound to 

CdBP (R 1 66 63 B8 80 8 1 
i 

' 7 6 ~ 1 1  ' 
Amount bound to 

HMWP is) 34 37 I? 20 19 
I 

' 2 3 = 1 1  I 

Kidney I 
Tad amount lrg'g 

wet weight tissue) 9.07 16.73 20.83 30.39 9.86 17.W z 8.76 ' 
Amounl bound to 

CdPB 1%) 70 84 34 72 70 '76 s 7 1 
Amount bound lo 

HMWP (%I 30 16 16 28 30 *:4 r 7 . i 
P < 0.05 (paired r lest) compared to lung. 1 

in this study is far too small, however, to permit any conclusions to be d r a w  '; 
about the role of cigarette smoking in cadmium accumulation in man. However. ! 
'the aim of the investigation was to give ihe binding characteristics of the metal I 

to different protein fractions in lung. liver. and kidneys. t 
! 

It is evident that lung tissue. as well as liver and kidney tissues. contain a : 
protein in the low-molecular-weight range which binds cadmium to a high extent. 
Using pel filtration and isoelectric focusing. the protein(s) have been shown to 
have a molecular weight in the range of I 0 . m  Da. which is similar to m e l a l l ~  ; 
thionein, and the absence of absorbance at 280 nm indicates another similarit). 
The pI values of the single peaks appearing at isoelectric focusing (Fig. 2) were ; 
5.8 for lung and liver and 6.0 for kidney c)~osolic CdBP. These are higher valuer i 
than previously reponed for rat and rabbit liver. from which two f o p s  of me- i 
tallothionein with pl values of 1.2 and 4.7 have been isolated (Cherian. 1974: i 
Nordberg ei of., 19i?). The possibili~y exists. though. thal the single peak o b  ! 
tained in this study u.ould have separated in two bands in a narrower pH gradient / 

Metallothionein has been proposed to plzy an essen~ial role in the detoxificaliofl 8 

of cadmium (Piscator. 19@1. The prescn; investifation dernonstntes a protein ; 

component with low molecular weight. The separation characteristics of the Fro : 
tein. or possibly the protein comple> of the lung cytosoli; frac~ion are similar Ic ; 

. .. i 
r.2 
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!ha: of liver or kidney. I t  is therefore likel! that this protective factor against th: 1 
toxic action of cadmium is present in human lung as well. It is interesting to  note. 1 

I however. that the cadmium-binding abilit) of lung tissue is less than that of live: 
or kidney tissue [Table 2). This could be an indication !hat the lungs are lesr 
capable to protect themselves apainst cadmium. A tempting speculation is there I 
fore that individual> uith subnormal capacity lo synthesize the metallothionein. 
like protein are more susceptible to the toxic action of cadmium. A recen:l) I 

1 published study on the production of low-molecular-*eight cadmium-bindingprs , 
reins in  the rabbit lung has shown lhis lo be a rapid process, and that all cadmiuz ! 
is bound to the proteins within a few hours (Post el 01..  1982). The material take-. I 
postmonem in man w.a\ from old males. however. who had been exposed to  larpt ! 

quantities of ci~arcrte smoke. It is therefore not cenain that their capacity lo .; 
resynthesize the CdBP is sufficient. Another interesting aspect of this and other I 
studies showin? a lung CdBP. is that this CdBP could serve as a means of trans- 
porting the metal direc~ly to the kidneys as has been indicated by others (Kord I 
berg and Goyer. 1975: Johnson and Foulkes. 19801. Different capabilities to induct 
the protein could therefore give different body distribution of cadmium after d e  ! 
position in the air passage. 1 
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August 20, 1986 

Mr. William V. Loscutoff 
chief, Toxic Pollutants Branch 
Air Resources Board 
P.O. Box 2815 
Sacramento, CA 95812 

Dear Mr. Loscutoff: 

Comments on Cadmium Risk Assessment 

Pacific Gas and Electric Company appreciates this opportu- 
nity to comment on the Air Resources Board (ARB)/Department 
of Health Services (DHS) June 1986 Cadmium risk assessment. 

We recommend that the DHSf Part B risk assessment be revised 
to : 

1. state that the data are consistent with a threshold 
below which there is no risk from exposure, and 
that the range of risk is zero to 12 cases per 
million persons exposed to 1 ng/m3 over their 
lifetime; 

2 .  more clearly acknowledge that the unit risk 
recommendation is based upon the staff's 
no-threshold policy rather than any scientifically 
conclusive determination; and 

3. recommend the use of the DHSt nbestll risk estimate 
rather than the use of the DHSI "upper boundt1 risk 
estimate. 

We recommend that the ARB'S Part A source assessment be 
revised to: 

4. address ship, railroad, and airplane cadmium 
emissions which a ~alifornia Energy Commission 
(cEc) staff report indicates may be about nine 
times higher than the corresponding stationary 
source emissions; 
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5. clarify in Tables 111 and 111-1, and in the text 
on page 111-6, that one category, industrial 
boilers, contributes 70 percent of the total 
residual fuel oil combustion emissions and 
60 percent of the total oil combustion emissions 
identified; and 

6, explain why the ARB estimate of industrial boiler 
residual fuel use is three times higher than the 
corresponding CEC staff estimate. 

We cannot overemphasize the importance of revising Part B to 
include a scientifically objective presentation of the 
cadmium threshold alternative. As discussed more fully in 
Attachment A, we urge DHS to estimate the threshold below 
which there may be no risk, and to use this threshold 
alternative in their range of risk estimate. Attachment B 
contains excepts from the 1985 Environmental Protection 
Agency (EPA) Cadmium Update which illustrates how such a 
threshold model comparison could be more objectively 
presented. We also note that Southern california Edison 
raised this issue in their January 21, 1985 comments (see 
ARB Report, Part C, SCE, page 6, bottom paragraph). 

We disagree with the DHS recommendation that the upper bound 
risk estimate, rather than DHS1 own ilbest" risk estimate, be 
used to estimate risks. DHS1 reasoning that the upper bound 
risk is more appropriate because it provides an extra safety 
factor to protect llfiensitiven populations and to protect 
against risk of death from cancer at other sites has not 
been scientifically justified. No data are cited indicating 
the existence of more sensitive populations. Also, there 
are no data that indicate increased risks of deaths from 
cancer at other sites (see revisions to Part 8 ,  page 63). 
Please note that EPA concluded that the use of the upper 
bound risk would be Itan unnecessary adcled level of 
conservatism" (see EPA, page 163 in Attachment 8). 

Our comments on Part A are detailed in Attachment C. The 
applicable portion of the CEC Report referenced is attached 
as Attachment D. Please call me at (415) 972-6901 or J. T. 
Holcornbe at (415) 972-6910 if you have any questions about 
these comments. 

Sincerely, ... 

Attachments 



PART B OF THE JUNE 1986 CADMIUM RISK ASSESSMZNT 
SHOU~D~BE~ZVISED TO STATE THAT THERE MAY BE 

A THRESHOLD BELOW WHICH THERE IS NO RISK 
FROM EXPOSURE, AND THAT THE RANGE OF RISK IS 

ZERO TO 12 CASES PER MILLION PERSONS 
EXPOSED TO 1 ng/m3 

In its 1985 Cadmium Risk Assessment Update the United states 
Environmental Protection Agency (EPA) properly addressed the 
likelihood that there could be a threshold for cancer risks from 
cadmium exposures. EPA concluded that its simple threshold model 
adequately fit the data.' EPA further concluded that: 

1. There is no solid scientific basis for any mathematical 
model that relates carcinogen exposure to cancer risks 
at the extremely low concehtratibns that must be dealt 
with in evaluating environmental hazards;* and 

2. An empirical threshold moael that is also consistent 
with the observed data gives a unit risk eatimate of 
zero3 at typical ambient expoeures. 

In California, the Department of Health Services (DHS) ie 
:. required to estimate Ifthe range of risk to humans resulting from current or anticipated e x p o ~ u r e ~ ~ . ~  We believe that refers to 

the full range of rick, which in this case should be stated as 
zero to 12 cases per million persona exposed to 1 ng/m3 of 
cadmium. Although the DHS qualifies it6 estimate of 2-12 cases 
per million by stating that "the actual risk may lie in or below 
that rangeft5, this is not sufficient since other experts have 
acknowledged that a zero risk estimate could be equally valid. 
Specifically, EPA has estimated that a constant lifetime exposure 
to 10 pg/m3 cabium would not cause any rick under the threshola 

Updated ~utagenicity and Carcinogenicity Assessment of 
Cadmium, EPA-600/8-83-02 SF, June 1985 (final), page 159 
attached. 

2 EPA, page 138 attached. 

EPA, page 8 attached. 

Heal.th and Safety Code Section 39660(c). 

DHS Revisions to Part B, "Report to the Air Resources Board 

e on Cadmium Submitted to the SRP for Review, page 4a. 



model. Since the highest average ambient concentration reported 
in the Part A Report was only 10.8 ng/m3, the reported 
concentrations are a factor of one thousand below this plausible 
threshold, and a zero risk estimate is far more likely -- 
particularly since there is relatively little evidence that 
cadmium is particularly mutagenic even at high concentration~. 

DHS seems to assert that since "the carcinogenic activity of 
cadmium ma occur through a mechanism for which no threshold 
exposure s v e l  existsbt7 (emphasis added), there is no need to 
present an objective evaLuation of the likelihood that it not 
occur through such a mechanism. DHS should clearly acknowle- 
that there is no data establishing that threshold mechanisms 
could not predominate, and follow EPAfs example and present an 
alternative threshold model which would b e s t  fit the data. DHS 
Tables I-7s and IX-69 should be expanded to include comparative 
risks at ambient concentrations under the alternate threshold 
assumption in a manner similar to that presented in EPA 
Table 2 6 . 8  Similar compariaons should be included in DHS 
Table IX-210111, Figure 1x-1'~ and Figure 1-113. For clarity, 
the least squares fit data14 should be tabulated in a manner 
similar to that shown in EPA Table 25l5. Similarly, the DHS 
should follow the EPA Table 25 example on observed versus 
predicted data comparison by revising DHS Table IX-416 to also 
include a comparison with the incidence that would be predicted 
by the threshold model, not just with the incidence predicted by 
the linear no threshold mo8el. 

EPA page 162 attached. 

DHS Revisions to Part B, page 47. 

, DKS Revisions to Part 5, page 6. 

DHS Revisions to Part 5, gage 65. 

l o  DHS Part B (with revisions), page 84. 

l 1  DHS Revisions to Part B, page 66. 

DHS Part B (with revisions), page 85. 

l 3  DHS Revisions to Part B, page 7. 

l 4  DHS Revisions to Part B, page 62. 

I S  EPA, page 160 attached. 

l 6  DHS Revisions to Part 9, page 59. 



If the DHS staff recommends a linear non-threshold upper bound 
range of risk estimate, any such recommendation should be clearly 
identified as being based on policy, not on a scientific @ determination. Furthermore, any such recommendations shmld only 
be made after DHS has objectively presented the full range of 
plausible alternative risk estimates -- including the EPA 
threshold model risk estimate. Risk managers need to know the 
relative likelihood of such a zero risk alternative so that they 
can consider the relative uncertainty of different upper bound 
risk assessments when faced with competing risk management 
alternatives. 





ATTACHMENT B 

EPA-COO/8-B3-025F 
June 1985 
F l n a l  

UPDATED MUTAGENlClTY AND CARCINOGENICITY ASSESSMENT OF 

CADM 1 UM 

Addendum t o  t h e  Hea l th  Assessment Document f o r  Cadmf um 
(May 1981) EPA-600/8-81-023 

Of f l ce  of  Hea l th  and Environmental Assessment 
O f f f c e  o f  Research and Developnent 

U.S. Environmental P ro tec t ion  Agency 
Washington, D.C. 



g u a n t i t a t i v e  Assessment 

Since humans are exposed t o  cadmium dust or fumes, and the  r a t s  used f o r  

study were exposed t o  cadmjum ch lo r fde  aerosol, a i f m t t a t i o n  inherent i n  the 

use of such studies f o r  est imat ing human r i s k  i S  the poss ib le  d i f ference be- 

t*een humans and ra t s  w i t h  regard t o  lung re ten t fon  o f  par t l cu la tes ,  o r  between 

the  b i o l o g f c a l  ef fect iveness o f  cadmium ch lo r lde  aerosol admfnlstered t o  r a t s  

and the  dust and fumes inhaled by workers. Since the  data are not ,clear on 

t h i s  pofnt ,  assumptions o f  equal lung  uptake and equal ef fect fveness have been 
i 

made herein f o r  t he  purpose o f  a r r t v l n g  a t  an assessment o f  the human r isks.  

G l  ven these assumptions, combined w f  t h  other assumptions and conventions 

used i n  quan t f t a t f ve  r i s k  assessment procedures. the  Takenaka e t  81. (1983) 

data on lung carcinomas i n  r a t s  dur ing l i f e t i m e  i nha la t i on  exposures t o  cad- 

mium ch lo r lde  aerosol were analyzed, As a r e s u l t  o f  t h i s  analysis, the  upper- 

bound incremental cancer r f s k  t o  humans who continuously breathe 1 d m 3  of 

elemental cadmium f o r  a l i f e t i m e  i s  estfmated t o  be 9.2 x 10'2. 

Based on resp f ra to ry  cancer ra tes  from the  Thun e t  a l ,  (1985) study of 

cadmium smelter workers, and us lng  a l i n e a r  model t h a t  i s  conststent w i t h  the  

data, the  upper-bound incremental cancer r i s k  from l l f e t t m e  exposure t o  1 t 4 l m 3  

of cadrnlvm i n  t he  a i r  t s  estimated t o  be 1.6 x 

The 95% confidence bound on t h i s  estimate, whlch takes i n t o  account on ly  

t he  s t a t i s C i c & l  v a r i a b f l i t y  of t he  cancer rates, gfves a range of 3.5 x 10' 3 

t o  1.7 x However, t h i s  range does not account f o r  poss ib le  deviat ions of 

t he  t r u e  (unknwn) model from t h e  l i n e a r  model o r  o f  actua l  exposure from e s t i -  

mated exposure. For example, an empjr ical  threshold model t h a t  i s  also consfs- 

t e n t  w i t h  the observed data gives A u n t t  r i s k  estimate o f  zero. Even w i t h  the 

uncer ta fn t les  surrounding the  estimate based on human data, i t  i s  f e l t  t h a t  t h i s  



1 NTROOUCTION 

Tn is  q u a n t i t a t f v e  s e c t i o n  dea ls  with tho  u n i t  r i s k  f o r  cadmiun i n  a i r  

and t l l e  pot0fIcy o f  cddmiutn r e l a t i v e  t o  o t h e r  c a r c i n o j a n s  t h a t  t h e  Cdrctnogen 

4ssesrlnent Group ( C A G )  nas evaluated. Tne u n i t  r f s k  e s t i m a t e  f o r  an b i r  pol-  

l u t a n t  i s  d e f i n e d  as the  fncre inenta l  l i f e t i m e  cancer r l s k  o c c u r r l n y  i n  a  

h y p o t h e t i c a l  p o y u l a t i o n  i n  which a l l  i n d f v f d u d l s  ere exposed c o n t l n u o u s ~ y  

f rom D i r t h  throughout  t h e i r  l l f e t i t l ~ e s  t o  a c o n c e n t r a t i o n  o f  1 .ly/m3 u f  t h o  

agent I n  t h e  d l ?  t h d t  they breathe, These c a l c u l a t i o n s  a r e  done t o  es t imate ,  

I r l  q n a n t i t a t i v c  terms, t h e  Impact o f  t n e  ayent  ds a carc lnpgen.  IJn t t  r i s k  

escl r ia tes a r e  used for two purposes: 1) t o  conpare t h e  ca rc tnoyen ic  po tenc ies  

o f  severa l  ayents w i t h  each o the r ,  and 2 )  t o  y f v e  a crude i n d l c d t j o n  of t h e  

p ~ p u l a t i o n  r ~ s k  t h d t  would De assoc ia ted  w f t t l  a i r  o r  watar  trxposure t o  these 

agents,  if tlre a c t ~ ~ a l  cxyosures were known. 

The data Used f o r  q u a n t i t a t i v e  e s t l m a t i o n  a r e  t a k e n  from one o r  h o t h  O f  

t h e  f o l l o w t n g :  I )  l l f e t i r r t e  animal s tud ies ,  and 2) hunan s t u d i e s  where excess 

cancer  r i s k  has been assoc l s ted  w l t h  exposure t o  t h e  ayent.  In animal  studies 

i t  i s  assumed, un less  ev jdence e x i s t s  t o  t h e  c o n t r a r y ,  t h a t  I? a carc inoyen ic  

response occurs a t  t h e  dose l ~ v e l s  used i n  t h e  study, t hon  response w t l l  a l s o  

occur  a t  a l l  l ower  doses w i t h  an incidence dereri l l ined by t h o  o x t r c ~ o l a t l o n  

model. 

There i s  no s o \ i d  s c l e n t i f ! ~  b d s i s  f o r  any mathelaatice1 e x t r a p o l o t ~ o n  

model t h a t  r e l a t e s  carc jnoyen cXlJOSUrc t o  cancer  r i s k s  ~t t h e  ex t remelv  low 

c o n c e n t r a t l o n s  t h a t  r u s t  be d e a l t  w i t h  i n  o + a l u a t l n y  environmental hazards. 

For  p r a c t f c a l  reasons, scrch low l e v e l s  o f  r i s k  cannot be measured d i r e c t l y  

a t r h e r  by a n l n ~ r l  e r p e r l m e f ~ t $  or by r p t d ~ m t o l o y l c  %tud ies .  Ue must, t h e r e f ~ r ~ .  

138 



An estimate o f  A *  = A x 106 i s  obtained from the  equatlon 

whlch has the  so lu t i on  A *  = 0.642 so t h a t  A = 6.42 x 10-7, The V ( A )  i s  e s t t -  

mated t o  be V (4 )  1.27 x 10-13 so t h a t m  8 3.56 x 10-7, and the  95% 

upper and 5% lower confidence bounds are approximately A, = 12.26 x loe7 and 

A~ - 0.58 x 19'~. respect ive ly .  I t should be noted t h a t  t h i s  measure o f  var la-  

b i l i t y  on ly  takes i n t o  account random sampling e r ro r .  It does not account f o r  

p o t e n t i a l  e r r o r  due t o  an assumed i nco r rec t  model o r  btased exposure estimates. 

To show how a d i f f e ren t  assumed model could in f luence  r l s k  estimates, the  

f o l l o w i n g  ad-hoc " threshold" model can be considered. This mode\ I s  not based 

on any biological information. It simply uses the highest dose group w l th  no 

observable s t a t i s t i c a l l y  elevated r i s k  as t he  threshold and assumes l i n e a r i t y  

i n  accumulated dose beyond t h a t  point .  I t  i s  assumed t h a t  a. 

where' 1754, t hp  guessed-at threshold, i s  the  boundary po in t  o f  the maximum 

exposed group i n  vg/m3-years. For t h l s  model an est imate o f  b i s  

I n  f a b l e  25 the  f i t  o f  each model i s  shown and evaluated ustng the  x2  

goodness-of -f i t tes t .  

We note t ha t  both t he  'threshold" and l i n e a r  models g ive  an adequate f t t  

t o  t he  data. As a resu l t ,  arguments other than pure ly  $ t a t f $ t l c a l  must be 

used t o  se lec t  t he  approprfate model. 



TABLE 25. GOODNESS-OF-FIT MODELS FITTED TO THE THUH DATA 

Exposure 
interval  

ears 
midpoint 

Number of cases expected under 
l inear  model usiny as the 

Expected number of cases 
under threshold model 

estimate o f  parameter A the 
A = 2.65 x lo-G if x > 1754 Observed 

Lower bound HLE Upper hound A = 0 i f  X < 1754 

x2 goodness-of-fit s ta t i s t i c  

- 
SOURCE: Thun. l e t t e r  of Apri l  ,lo. 1984; Thun e t  ai.. 1985. - 



TABLE 26,  ESTINATED RISKS FOR VARIOUS HODELS BASED ON THUN DATA 

. - 
Risk due t o  a constant l i f e t i m e  exposure o f  

Model used 1 ug/m3 10 ug/m3 100 uglm3 

L inear  nonthreshold 

Upper bound 3.5 x l a - 3  3.4 x 10'2 2.9 x 10-I 

MLE 1.8 x 10-3 1.8 x 10-2 1.7 x 10-1 

Lower bound 1.7 x l V 4  1.7 x 10-3 1.6 x l o - 2  

Threshold model 0.0 0.0 3.7 x 10-1 

A p r l l  1984 modela 1.9 x 10-3 1.9 x 10-2 1.7 x 10'1 

aUsed iti t h e  External  Revlew Dra f t  of  t h e  Updated Mutayenjc i ty and C8r~ in0gef l l -  
c i t y  Assessment o f  Cadmium, prepared by t h e  O f f i c e  o f  Health and Environmental 
Assessment, U.S. Envfronmental Protect ion Agency, A p r i l  1984. 

SOURCES: Thun, l e t t e r  o f  A p r i l  10, 1984; Thun e t  al,, 1985. 



u r l i t  r i s k  r s t f l n a t e  o f  1,8 x 10-3. A h i y h e r  cs t ima te  o f  3.5 x 10-3 would be 

oh ta ined  i f t h e  95% upper bound o f  t h e  parameter were used. However, i t  i s  

f e l t  t h a t  t h l s  i s  an unnecessary added l e v e l  O f  conservatism. s ince  t h e  model 

used a1 ready i n f l a t e s  t h e  r l s k  es t lmate  i f  nun1 inea r  components e x l s t  o r  

Confounding f h c t o r s  a r e  present.  

Tho u n i t  r i s k  es t imate  based on t h e  aninla1 bioassay, 9.2 x 10-2, a l s o  

g i ves  a h f y h e r  est imate. However, species d i f fe rences and caamium form d i f -  

fe rences make an es t lma te  f rom t h i s  source i n t r i n s t c s l l y  l e s s  r e l i a b l e  t h e n  

t h e  ono d e r l v e d  from t h e  assumed human exposures, I n  a d d i t t o n ,  It must he 

kep t  t n  mind t h a t  these a r e  upper-bound est lmates,  The t r u e  u n i t  r l s k  cou ld  

range from t h i s  upper bound t o  a ve ry  s m a l l  va lue approachfng zero. 
- 

R E L A f  I V E  POTENCY 

One of t h e  uses o f  t h e  concept o f  u n i t  r i s k  i s  t o  compare t h e  r e l a t i v e  
. . 

po tenc fes  o f  carcfnogens. For  t h e  purposes o f  t h e  present  ana lys i s ,  po tency  . . . .  . .  1 . . . . . .  
I s  d e f i n e d  as t h e  l i n e a r  p o r t i o n  o f  t h e  dose-response curve, and i s  used to 

c a l c u l a t e  t h e  r e q u i r e d  u n i t  r l s k  fac to rs ,  I n  t h i s  sect lon,  t h e  potency o f  

cadmlum i s  compared w i t h  t h a t  o f  o t h e r  c h e m t c a t ~  t h a t  t h o  CAG has eva lua ted  

8s suspect carcfnogens. To es t lmate  t h e  r e l a t i v e  potency on a p e r  mole 

basfs,  t h e  u n i t  r f s k  s lope f a c t o r  1s m u l t i p l i e d  by t h e  mo lecu la r  we igh t  and 

t h e  r e s u l t i n g  number. expressed i n  terms o f  (mnol/kg/day)-1, 1 s  c a l l e d  t h e  

re1  art ve potency index, 

F i g u r e  2 i s  a h is togram representing t h e  frequency d i s t r i b u t i o n  o f  r e l a -  

t i v e  potency indices for 54 chemicals t h a t  have been eva lua ted by t h e  CAG as 

suspect carcinogens, The a c t u a l  da ta  summart zed by t h e  h i s tog ram a r e  p re ren -  

t e d  i n  f a b l e  27, Where human da ta  have bean a v a i l a b l e  f o r  a compound, Such 

da ta  have beon used t o  c a l c u l 8 t e  these i nd fces .  " h e n  no human data  have been 





ATTACHMENT C 

PART A OF THE JUNE 1986 CADMIUM RISK ASSESSMENT 
SHOULD BE REVISED TO INCLUDE BUNKER C FUEL OIL USE 

BY SHIPS, AND TO DISTINGUISH 
BETWEEN INDUSTRIAL STEAM GENERATOR FUEL USE 

AND OTHER FUEL USE CATEGORIES 

The California Energy Commission (CEC) March 14, 1986 staff draft 
Biennial Fuels Report lists in Table A-2, page A-4 of that 
report, fuel deliveries by category through 1984. Converting 
their data, expressed as trillion BTUs, into million gallons of 
oil1 yields the following: 

Fuel Oil Deliveries Residual Only Residual and other2 
b~ End User Category - 1983 - 1984 1983 - 1984 - 
Electric Utility 439 148 43 9 148 
Residential 0 0 0 0 
Commercial 134 134 134 134 
Industrial 309 309 4,610 4,939 

, Transportation 2,258 2,923 2,923 2, 923 

0 PGandE recomenda that the utility fuel use in Appendix C of the 
ARB'S Part A Cadmium Report be revised to reflect the 1984 data. 
That data, which indicates emissions decreased by a factor of 3, 
appears more representative of current fuel use projections. 

PGandE notes that the ARB estimate of industrial boiler residual 
fuel use in Appendix C is roughly three times the corresponding 
CEC estimate for all industrial residual fuel oil deliveries. 
That difference should be explained. If it reflects the 
inclusion of oil field steam generator combustion of heavy crude, 
PGandE recommends that such heavy crude emissions be ~eparately 
calculated and listed. The heavy crude generally used in such 
steam generators is likely to be far higher in sulfur and heavy 
metal content than the corresponding low sulfur residual fuels 
more typically used by other industries. Also, it is likely that 
such emissions will either substantially decrease if cUrrent oil 
prices prevail, or will be replaced by natural gas fueled 
cogeneration projects if oil prices return to previous highs. 

1 Assuming 42 gallons/6.25 million BTU. 

2 llOtherM is other than motor gasoline, distillate, and 

a residual and presumably includes both crude combustion and 
feedstock use. 



Given t h a t  t h e  CEC i d e n t i f i e s  n ine  times as  much r e s i d u a l  f u e l  
o i l  use  i n  t h e  sh ip  and r a i l  t r a n s p o r t a t i o n  s e c t o r  a s  i n  the 
i n d u s t r i a l  s e c t o r ,  and t h e  AFB i d e n t i f i e s  i n d u s t r i a l  b o i l e r s f  use 
of r e s i d u a l  f u e l  o i l  a s  t h e  second l a r g e s t  source 05 cadmium 
emission i n  the s t a t e ,  t h e  r e p o r t  should be rev i sed  t o  inc lude 
s h i p  and r a i l r o a d  use  of  Bunker C f u e l  o i l .  The r e p o r t  should 
a l s o  consider  av i a t i on  f u e l  use ,  which t h e  CEC es t imated was 
2,634 m i l l i o n  ga l l ons  i n  1984. 

PGandE recommends t h a t  ARB Tables I11 (page 14)  and 111-1 
(page 111-3) be  rev i sed  t o  more accu ra t e ly  r e f l e c t  t h e  d a t a  i n  
Appendix C .  A s  d e t a i l e d  i n  Appendix C ,  i n d u s t r i a l  b o i l e r  
r e s i d u a l  f u e l  use con t r i bu t e s  more t h a n  70 percen t  of t o t a l  
r e s i d u a l  f u e l  emissions and more t h a n  60 percen t  of t o t a l  o i l  
combustion emissions.  Yet no mention of this appears i n  e i t h e r  
t a b l e  o r  i n  t h e  d e s c r i p t i v e  paragraph on page 111-6. PGandE 
recommends t h a t  Table I11 be r ev i sed  t o  r ep l ace  the o i l ,  coa l ,  
and motor veh i c l e  ca t ego r i e s  w i t h  t h e  following: i n d u s t r i a l  
steam genera to rs ;  o the r  s t a t i o n a r y  source f u e l  combustion; motor 
v e h i c l e  f u e l  combustion; and o t h e r  n o b i l e  source f u e l  combustion. 
I n  Table 111-1, t h e  I l indust r ia l  steam generatori1 ca tegory  should 
be subdivided i n t o  i t s  primary con t r i bu to r s ,  presumably low 
s u l f u r  f u e l  o i l  b o i l e r s  and high s u l f u r  o i l  f i e l d  steam 
genera to rs .  S imi l a r ly ,  t h e  I1other mobile sourcei1 category s h o ~ i a  
be subdivided i n  Table 111-1 i n t o  s h i p ,  r a i l ,  and av i a t i on  f u e l  
r e l a t e d  emissions.  The o t h e r  ca t ego r i e s :  u t i l i t y  r e s i d u a l  f u e l ,  
commercial r e s i d u a l  f u e l ,  d i s t i l l a t e  f u e l  o i l ,  coa l ,  waste o i l ,  
and s ludge i n c i n e r a t i o n  a r e  comparatively i n s i g n i f i c a n t .  
Nevertheless ,  we recommend a l s o  l i s t i n g  each such ca tegory  i n  
Table 111-1 t o  g ive  t h e  p u b l i c  a b e t t e r  perspect ive  of t h e  
r e l a t i v e l y  low l e v e l s  o f  such emissions.  

4 
I n  1984, PGandE sampled cadmium concentra t ions  i n  t e n  f u e l  o i l  
tanks  a t  s i x  d i f f e r e n t  PGandE power p l a n t  s i t e s .  concentra t ions  
i n  t h r e e  t anks  were below t h e  i n i t i a l  de t ec t i on  l i m i t  of 0.5 ppm. 
Concentrat ions i n  the remaining e i g h t  t anks  averaged 0.39 ppm, 
w i t h  none measured higher  than  0 . 5 2  pprn o r  lower than  0.31 pPm. 
This  d a t a  is c o n s i s t e n t  with t h e  0 . 3 8  ppm da ta  previously  
submit ted by Southern C a l i f o r n i a  Edison. PGandE the re fo re  
recommends t h a t  t h e  ARB n o t  con t inue  t o  imply t h a t  concentra t ions  
ranging a s  h igh a s  5 .1  ppm would be equal ly  l i k e l y .  

Since u t i l i t y  emissions a r e  i n s i g n i f i c a n t  even a t  5 .1  ppm, and 
s ince  s i m i l a r  ranges a r e  n o t  c a l c u l a t e d  f o r  i n d u s t r i a l  b o i l e r  
r e s i d u a l  f u e l  use where t h e  v a r i e t y  of  source emissiob c o n t r o l s  
and permiss ib le  s u l f u r  con t en t  is f a r  h igher  and suggest ive  of 
f a r  g r e a t e r  v a r i a t i o n s  i n  cadmium emissions, PGandE recommends 
t h a t  only  t h e  0.38 ppm u t i l i t y  es t imate  be  r e f l e c t e d  i n  Table I11 
and 111-1. 
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W ~ s t ~ r n  Oil and Gas Association 
727 West Seventh Street. LOS Angeles Cal~forn~e 90317 
121316274866 

August 19, 1986 

a 
Merrbers of t he  Board 
Cal i fornia  Air Resources Ward 
1102 "Q" S t r e e t  
S a c r a n t o ,  CA. 95812 

Subject: Ccmments of t he  Western O i l  and Gas 
Association on Draf t  Report to the A i r  
Resources Board on Cadmium 

Dear Board Members: 

Once again Western O i l  and Gas Association ( W E A )  appreciates t h e  
opportunity to c m m n t  on t h e  r i s k  assessment procedure as applied by 
the Air Resources Board (ARB) t o  con t ro l  ambient a i r  concentrations 
of hazardous mater ia ls  in Cal i forn ia .  The t h r u s t  of t h e  following 
m n t s  is d i rec ted  to the  d r a f t  cadmium document. There is much t o  
support i n  t h e  work. However, t h e  f i n a l  range is to3 small to 
descr ibe prec ise ly  t he  inherent  uncer ta in t ies  i n  the  r i s k  estimte. 
Further,  t he  degree of uncer ta inty in t h e  cadmium r i s k  assessment is  
minimized by mathematical manipulation wh ich -my  be unjus t i f ied  
i e .  , DHS recalculated animal da t a  disregarding mnversions f o r  
d i f fe rences  i n  m t a b o l i c  r a t e ) .  I n  addi t ion,  it a p p a r s  to KGA chat  
t he  Departwnt  of Health Services  (DHS) has  n o t  been cons is ten t  i n  
its approach to u t i l i z i n g  ava i lab le  hvMn data  f o r  r i s k  assessrent .  
In  some cases  (e.g., benzene) animal da ta  were use3 when val id  human 
data were ava i lab le  and i n  o the r  ins tances  (e.g., cadmium) t h e  
reverse  is true. 

I n  regard to the cadmium d r a f t  repor t ,  we wholeheartedly wncur with 
the  use of human over animal data .  O u r  experience has cons is ten t ly  
found the  humn experience to be mre valuable i n  predict ing a c t u a l  
h,uman r i sk .  As DHS s t a t e s  in t'ne cadmium document, t he  possible  
r o l e s  of chance, b i a s ,  and/or confounding var iab les ,  i n  d i s t o r t i n g  
the  true dose response r e l a t i onsh ip  i n  the occupational study, were 
l i k e l y  to be small. The net d i r ec t ion  of these po ten t i a l  errors 
was mre l i k e l y  to r e s u l t  in an overestimate of substance potency. 
Thus, we be l ieve  as does Dii t h a t  use of t he  epidemiologic data  i n  
quan t i t a t i ve  r i s k  assessment is appropriate. 

%Q a s s m p t i o n s  lead to a confidence i n  the calculated r i s k  f o r  
cadmium t h a t  may be unwarranted. Although w2 agree t h a t  a range of 
r i s k  i s  proper, i n  the  case of cadmium the  upper bound r i s k  expressed 
by DHS (2 x to 12 x per ng/m3) is too small  a range to  be 
usefu l  and could mislead the  r i s k  manager by assigning m r e  
confi6ence than perhaps should b2 given to the e s t i m t i o n .  Many 
c r i t i c a l  assumptions a f f e c t  t h i s  ranqe, e.g., t h e  extrapolation 
d e l ,  exposure assumptions, chemical speciat ion.  I n  view of t h e  
f a c t  t h a t  EPA concluded a simple threshold W e 1  would adequately f i t  

@ the da t a ,  zero rould k appropria te  f o r  a .  lower range. Clearly,  
a broad& range would more appropria te ly  descr ibe t h e  breadth of 
uncer ta inty we a l l  agree  e x i s t s .  Further,  t he  reca lcu la t ion  of t h e  

. \  '7 

'i. - 
animal d a t a ,  d isregarding conversions f o r  metabolic rate, has given . . 1.. '.> ..' Q 
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f igures  which are very c lose  to the  upper bound r i s k  predicted by the  
epidemiology. This congruence my be coincidental  and D B ' s  use 
of this data to lend addi t iona l  support to the r i s k  predicted fran 
the  human data is inappropriate. Given the  la rge  number of viable 
assumptions, myriad p s s s i b i l i t i e s  could be s u p p r t e d  with some 
manipulation of the  data.  

Our review of the d r a f t  r i s k  assessment f o r  cadmium has suggested 
inconsistencies i n  DHS1s use of human epidemiology fo r  r i s k  
assessment. In  cont ras t  to t h e  apprmch taken f o r  cadmium, the  
benzene r i sk  assessment was c a l c u l a t d  frcm animal data  although 
h w n  data was available.  This was applrent ly ju s t i f i ed  by the f a c t  
t h a t  i t  is c m n  prac t ice  to use t h e  95% confidence l i m i t  based 
on the most sens i t ive  site and species. W X A  bel ieves the cadmium 
approach appl ies  equally to t he  benzene database. We do not  believe 
t h a t  animal s tudies  are mre than a surrogate fo r  adequate 
epidemiology. Thus, va l id  epideniological  s tudies  a r e  the .bes t  
source of data ,  e l in ina t ing  the  inherent  uncertainty i n  extrapolating 
from animals to  humans. The inconsistency of the  approaches is 
wrplexing i n  t h a t  DHS argues f i r s t  f o r  u t i l i z a t i o n  of animal data 
(benzene) and then for employment of human da ta  (cadmium). 

The upper bound r i s k  f o r  benzene was derived f r q  da ta  cn the most 
sens i t ive  site i n  animals, t he  p r e p u t i a l  gland in mice, a s i b  which 
has no human analogue. More appropriate  da ta  might have been the 
epidemiology which DHS u s d  to der ive  the lower bound r i s k  
calculation. Again, a s  DHS concludes i n  the cadmium r i s k  assessment, 
even the use of the epidemiolgy data  is l i k e l y  tn r e s u l t  in an 
overes t imt ion  of r i sk .  

T b  conclude, W X A  urges ARB and DHS to: 

O Be consis tent  i n  the  approach and assumptions which 
underlie r i s k  assessment f o r  each chemical considered; 

O Use human over animal data when available;  

0 Comnunicate the  uncertainty inherent  i n  the  estimation of 
r i s k ;  and 

OAvoid statements which unjus t i f iab ly  diminish the  
uncertainty as t h i s  is misleading to the r i s k  manager and 
may cause misappropriation of limit& resources. 

Sincerely yours, 

Robert Harrison 
Vice President and 

General Manager 

RH : va 
cc : Mr. B i l l  Loscutoff, ARB 

Chief, Toxic Pol lu tan ts  Branch 



A I R  RESOURCES BOARD STAFF RESPONSES TO PUBLIC COMMENTS ON 

THE JANUARY 1986 DRAFT REPORT 

Comment: Southern C a l i f o r n i a  Edison (SCE) c la ims t h a t ,  i n  d e r i v i n g  an 

emission f a c t o r  f o r  u t i l i t y  b o i l e r s  burn ing  f u e l  ( r e s i d u a l )  o i l ,  

t h e  ARB took t h e  average o f  t h e  h ighes t  i d e n t i f i e d  emission r a t e  

from t h e  Taback Study and t h e  est imate from t h e  Krishnan Study 

which app l i es  t o  u t i l i t y  b o i l e r s  w i t h  an e i e c t r o s t a t i c  p r e c i p i t a t o r  

(ESP) c o n t r o l  device. 

Response: The ARB emission f a c t o r  f o r  u t i l i t y  b o i l e r s  was based on a l l  f i v e  

t e s t s  repor ted  i n  t h e  Taback Study. S t a f f  noted t h a t  SCE d i d  no t  

l l s t  data from one o f  these t e s t s  (#24)  i n  i t s  analys is .  Although 

C a l i f o r n i a  u t i l i t y  b o i l e r s  a r e  n o t  equipped w i t h  ESPs, Taback et. 

a l .  concluded t h a t  t h e  ESP i s  a b e t t e r  c o n t r o l  dev ice  f o r  u t i l i t y  

b o i l e r s  than f a b r i c  f i l t e r s  (baghouses) o r  scrubbers. Therefore, 

ARB s t a f f  be l i eves  t h e  emission f a c t o r  was reasonably der ived,  and 

represented t h e  bes t  est imate based on a v a i l a b l e  data. Because 

ESPs are  n o t  used b y  C a l i f o r n i a  u t i l i t i e s ,  and o t h e r  c o n t r o l  

devices are  l e s s  e f f i c i e n t  (accord ing  t o  Taback), s t a f f  be1 ieves 

t h a t  use o f  t e s t s  from ESP-equipped u t i l i t y  b o i l e r s  would, i f  

anyth ing,  unders ta te  cadmium emissions. 

Comment: SCE po in t s  ou t  t h a t  the  cadmium content  o f  crude and f u e l  

( r e s i d u a l )  o i l s  v a r i e s  w ide ly ,  and t h e r e f o r e  data which a r e  most 

rep resen ta t i ve  o f  C a l i f o r n i a  power p lan ts  should be used t o  

es t imate  emissions. SCE s t a t e s  t h a t  t h e  average measured cadmium 

concent ra t ions  i n  f u e l  o i l  a t  two SCE power p lan ts  i s  0.1 ppm. 



Response: ARB s t a f f  agree t h a t  t he re  may be v a r i a t i o n  i n  t r a c e  element 

concent ra t ions  i n  f u e l  o i l s ;  t o  r e f l e c t  t h i s ,  ARB s t a f f  has r e v i s e d  

the  r e p o r t  t o  i n c l u d e  a range o f  emissions. Data prov ided by SCE 

subsequent t o  the  issuance o f  t h e  d r a f t  Report on Cadmium (December 

1985) i n d i c a t e s  t h a t  concent ra t ions  below 0.01 ppm have been 

measured i n  fuel  o i l s  a t  SCE power p lan ts .  Th i s  i n f o r m a t i o n  was 

used t o  develop a low emission f a c t o r  o f  8.3 l b  Cd lga l l on  

o i l .  A h igh  emission f a c t o r  o f  5.1 l b  Cdlgal  o i l  was 

c a l c u l a t e d  from the  Krishnan Study. Using these emission fac to rs ,  

emissions from u t i l i t y  b o i l e r s  were est imated t o  range between 0.02 

and 1.1 tons year. Th is  range brackets emissions c a l c u l a t e d  from 

t h e  0.1 ppm average cadmium i n  f u e l  o i l  r epo r ted  b y  SCE. 

Comment: The Cadmium Counci l ,  Inc. argues t h a t  a i rbo rne  exposure t o  cadmium 
- 

i s  minimal,  and t h a t  t h i s  i s  a reason n o t  t o  l i s t  cadmium as a 

t o x i c  a i  r contaminant. 

Response: Review o f  data on atmospheric cadmium concent ra t ions  i n  the  S t a t e  

shows t h a t  the  average popu la t i on  exposure ranges between 1 and 2.5 

3 
ngfm ( fo r  21 m i l l i o n  people), w i t h  long-term exposure near t h r e e  

3 l a r g e  sources p red i c ted  t o  be 40 nglm ( f o r  57,000 people). 

Using DHS recommended dose-response values, t h e  r e s u l t l n g  excess 

l i f e t i m e  cancer r i s k  i s  f rom 2 t o  30 per  m i l l i o n  f o r  a l a r g e  number 

o f  C a l i f o r n i a n s ,  and a worst-case excess l i f e t i m e  cancer r i s k  i s  80 

t o  480 per m i l l i o n  f o r  a lmost  60,000 people l i v i n g  c l o s e  t o  sources. 



Comment: CalMat Co. po in ted  o u t  t h a t  o u r  est imates of 1981 C a l i f o r n i a  cement 

p roduct ion  were h igh  by a  f a c t o r  o f  3.7. 

Response: ARB acknowledges t h i s  e r r o r  and has co r rec ted  it; data on 

C a l i f o r n i a  cement p roduct ion  f o r  1984 have been used i n  the  rev i sed  

r e p o r t  (Pa r t  A, p. 111-6, and Appendix C t o  P a r t  A, p. C-4). 

Comment: CalMat Co. po in ted  o u t  t h a t  approximate ly  1.6 tons o f  feed m a t e r i a l  

t o  t h e  r o t a r y  k i l n  a re  needed t o  produce one ton  o f  c l i n k e r  ( n o t  

cement, as s t a t e d  i n  the  repo r t ) .  

Response: According t o  t h e  Bureau o f  Mines o f  t h e  Un i ted  States Department o f  

t h e  I n t e r i o r  ( I ) ,  "About 1.8 tons o f  raw ma te r ia l  a re  requ i red  t o  

manufacture 1 ton  o f  f i n i s h e d  cement; 1.7 tons are  used t o  make 

c l i n k e r ,  and t h e  remaining 0.1 ton  i s  added d u r i n g  t h e  

c l i n k e r - g r i n d i n g  process." Two 0the.r references ( 2 ,  3 )  repo r ted  a  

r a t i o  o f  1.6 t o  1.0 f o r  raw m a t e r i a l  t o  cement. ARB s t a f f  were 

aware o f  t h e  d i f f e r e n t  r a t i o s  repo r ted  b y  these references and 

chose t o  use a  conserva t ive  es t imate  o f  1.6 tons  o f  raw ma te r ia l  t o  

1.0 ton o f  cement. 

Comnent: CalMat Co. suggested t h a t  cadmium emissions from cement 

manufactur ing cou ld  be es t imated us ing  data on p a r t i c u l a t e  m a t t e r  

emissions from t h e  r o t a r y  k i l n s  used t o  produce c l i n k e r .  CalMat 

Co. based t h e i r  est imate on: 

1. s ta tewide cement p roduct ion  o f  7.88 m i l l i o n  tons (1981); 

2. c l i n k e r  p roduct ion  (approximate ly  95% o f  cement p roduct ion)  o f  

7.72 m i l l i o n  tons; 



3. a r a t i o  o f  1.6 tons k i l n  feed ma te r ia l  t o  t on  o f  c l i n k e r  

produced, y i e l d i n g  an es t ima te  o f  12.4 m i l l  i on  tons k i l n  feed; 

4. t h e  assumption t h a t  a l l  r o t a r y  k i l n s  i n  C a l i f o r n i a  a r e  equipped 

w i t h  f a b r i c  f i l t e r  baghouses o r  e l e c t r o s t a t i c  p r e c i p i t a t o r s  

meeting Federal (EPA) New Source Performance Standards o f  0.3 

l b .  p a r t i c l e  emissions from the  k i l n  per  ton  o f  k i l n  feed, 

g i v i n g  an est imate o f  3.71 m i l l i o n  tons o f  emi t ted  p a r t i c u l a t e ;  

5. a mean concent ra t ion  o f  21 ppm (by weight)  cadmium i n  baghouse 

ca tch  dust ,  which was assumed t o  be rep resen ta t i ve  o f  emi t ted  

p a r t i c u l a t e  matter. On t h i s  basis ,  CalMat Co. est imated 

cadmium emissions from r o t a r y  k i l n s  t o  be 0.039 ton/year.  

Response: ARB s t a f f  agrees w i t h  CalMat Co. t h a t  cadmium emissions from cement 

manufactur ing can be es t imated us ing  est imated p a r t i c u l a t e  m a t t e r  

(PM) emissions. However, Cal Mat CO. appears t o  have considered 

o n l y  est imated PM emissions from r o t a r y  k i l n s  and has excluded 

emissions from o the r  p a r t s  o f  t h e  o v e r a l l  cement manufactur ing 

process. Attached i s  a copy o f  t h e  f l ow  diagram o f  t h e  Por t l and  

cement manufactur ing process from t h e  "Compi lat ion o f  A i r  P o l l u t a n t  

Emission Factors",  Four th E d i t i o n  (3). As seen i n  t h e  diagram, t h e  

cement manufactur ing process inc ludes  1 ) qua r ry ing  and c rush ing  , 
2) raw m a t e r i a l  storage, 3 )  g r i n d i n g  and b lending,  4 )  f i n i s h  

g r i nd ing ,  and 5 )  packaging. These processes a r e  a l s o  p o t e n t i a l  

sources o f  PM emissions. Normally, t h e  emissions from quar ry ing ,  

crushing, and raw m a t e r i a l  s torage a r e  n o t  con t ro l l ed .  
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I n  1984, C a l i f o r n i a  cement manufactur ing p l a n t s  produced 8.72 

m i l l i o n  tons o f  cement (4 )  and emi t ted  approximate ly  3,030 tons o f  

PM (5) exc lud ing  PM emissions from fue l .  

Assuming the  cadmium concent ra t ion  i n  t h e  cement k i l n  dus t  removed 

from t h e  r o t a r y  k i l n  baghouse o r  ESP equals the  cadmium 

concent ra t ion  i n  t h e  p a r t i c u l a t e  mat ter ,  cadmium emissions from 

cement manufactur ing can be es t imated from t o t a l  PM emissions and 

t h e  cadmium concent ra t jon  i n  cement k i l n  dust. 

The cadmium concent ra t ion  i n  cement k i l n  dus t  from 9 C a l i f o r n i a  

cement p lan ts  ranged from 5 ppm t o  352 ppm and averaged 79 ppm 

(6.7). Using these data and the  t o t a l  PM emissions, t h e  1984 

cadmium emissions from C a l i f o r n i a  cement p lan ts  a r e  est imated t o  be: 
- 

Est imate based on mean 
Lower Est imate Upper Est imate Cd concen t ra t i on  

(TPY) (TPY) (TPY) 
0.015 1.1 0.24 

We have 1 i s t e d  t h i s  range o f  0.02 t o  1.1 tons/year  as cadmium 

emissions from cement manufactur ing (see Overview, p. 14. P a r t  A, 

p. 111-5, and Appendix C, p. C-4). 



AIR RESOURCES BOARD STAFF RESPONSES TO PUBLIC COMMENTS ON 

THE JUNE 1986 DRAFT REPORT 

Comment: PG&E recommends t h a t  t h e  f u e l  use i n  Appendix C o f  the  ARB'S P a r t  A 

Cadmium Report be rev i sed  t o  r e f l e c t  1984 data. 

Response: 1984 data were n o t  a v a i l a b l e  a t  the  t ime the  o r i g i n a l  cadmium 

emission es t imate  f o r  r e s i d u a l  o i l  combustion was made. We have 

updated t h e  est imate t o  r e f l e c t  1984 data. 

Comment: "PG&E notes t h a t  t h e  ARB es t imate  o f  i n d u s t r i a l  b o i l e r  r e s i d u a l  

f u e l  use i n  Appendix C i s  rough ly  t h r e e  t imes the  corresponding CEC 

es t imate  f o r  a l l  i n d u s t r i a l  r es idua l  f u e l  o i l  d e l i v e r i e s .  That 

d i f f e r e n c e  should be explained. I f  i t  r e f l e c t s  t h e  i n c l u s i o n  o f  

o i l  f i e l d  steam generator  combustion o f  heavy crude, PGBE 

recommends t h a t  such heavy crude emissions be separa te l y  c a l c u l a t e d  

and l i s t e d .  The heavy crude genera l l y  used i n  such steam 

generators i s  l i k e l y  t o  be f a r  h igher  i n  s u l f u r  and heavy metal 

content  than t h e  corresponding low s u l f u r  res idua l  f u e l s  more 

t y p i c a l l y  used by  o the r  i n d u s t r i e s .  Also, i t  i s  l i k e l y  t h a t  such 

emissions w i l l  e i t h e r  s u b s t a n t i a l l y  decrease i f  c u r r e n t  o i l  p r i ces  

p r e v a i l ,  o r  w i l l  be rep laced by  n a t u r a l  gas fue led  cogenerat ion 

p r o j e c t s  i f  o i l  p r i c e s  r e t u r n  t o  previous highs." 

Response: Crude o i l  burned i n  b o i l e r s  o r  steam generators a t  t h e  o i l  f i e l d s  

may be i nc luded  under r e s i d u a l  f u e l  o i l  i n  the  s t a f f  est imate. The 

emission da ta  system (EDS) showed approximate ly  1.13 b i l l  i o n  

ga l l ons  o f  o i l  burned i n  t h e  i n d u s t r i a l  category. O f  t h i s ,  

aprox imate ly  80 percent  i s  burned f o r  o i l  and gas product ion  



a c t i v i t i e s  (8). However, t h e  da ta  used d i d  n o t  d i f f e r e n t i a t e  

between res idua l  o r  crude o i l .  Therefore, we cannot sepa ra te l y  

est imate cadmium emiss ion from r e s i d u a l  o r  heavy crude o i l  

combustion f o r  t h i s  category. However, we agree w i t h  PG&E t h a t  

heavy crude o i l  burned a t  o i l  f i e l d  generators i s  h ighe r  i n  s u l f u r  

and metal content  comparing t o  o i l  t y p i c a l l y  used by  o t h e r  

i ndus t r i es .  Thus, i f  crude o i l  i s  used, cadmium emissions from o i l  

combustion may be underestimated. 

There i s  u n c e r t a i n t y  about f u t u r e  f u e l  use. We do n o t  have an 

adequate bas is  t o  assume a  s u b s t a n t i a l  decrease i n  cadmium 

emissions from r e s i d u a l  o i l  combustion f o r  t h e  i n d u s t r i a l  ca tegory  

as suggested by PGBE. 

Comment: a )  "Given t h a t  the  CEC i d e n t i f i e s  n ine  t imes as much res idua l  f u e l  
- 

o i l  use i n  the  s h i p  and r a i l  t r a n s p o r t a t i o n  sec to r  as i n  t h e  

i n d u s t r i a l  sec tor ,  and t h e  ARB i d e n t i f i e s  i n d u s t r i a l  b o i l e r s '  use 

o f  res idua l  f u e l  o i l  as t h e  second l a r g e s t  source o f  cadmium 

emission i n  the  s t a t e ,  the r e p o r t  should be r e v i s e d  t o  i n c l u d e  s h i p  

and r a i l r o a d  use o f  Bunker C f u e l  o i l .  b )  The r e p o r t  should a l s o  

consider  a v i a t i o n  fuel use, which t h e  CEC est imated was 2,634 

m i l l i o n  ga l lons  i n  1984." 

Response: a) Even though CEC r e p o r t s  t h a t  t h e  r e s i d u a l  f u e l  o i l  used by t h e  

t r a n s p o r t a t i o n  sec to r  i s  approx imate ly  n i n e  t imes h ighe r  than t h a t  

f o r  the i n d u s t r i a l  sec to r  (9) ,  we have n o t  been a b l e  t o  document 

t h e  use o f  such a  l a r g e  amount o f  f u e l  use i n  C a l i f o r n i a .  We 

suspect t h a t  much o f  i t i s  used by sh ips  o u t s i d e  coas ta l  waters. 



O f  t h e  amount o f  res idua l  f u e l  o i l  repor ted  by CEC i n  t h e  

t r a n s p o r t a t i o n  sec tor ,  we have o n l y  been ab le  t o  document about 2 

percent i n  C a l i f o r n i a  (9,lO). I n  the r e v i s e d  cadmium r e p o r t ,  

cadmium emissions w i l l  a l s o  be est imated f o r  sh ips  and t r a i n s  under 

res idua l  and d i e s e l  combustion ca tegor ies ,  respec t i ve1  y. However, 

these emissions w i l l  n o t  be, sepa ra te l y  1 i s ted .  

b) We are  aware o f  t h e  f a c t  t h a t  cadmium emissions would a l s o  

r e s u l t  from a v i a t i o n  f u e l  combustion; however, we have no data t o  

est imate cadmium emissions f o r  t h i s  category. 

Comment: O1PG&E recommends t h a t  ARB Tables I 1 1  (page 14)  and 111-1 

(page 111-5) be rev i sed  t o  more accu ra te l y  r e f l e c t  t h e  data i n  

Appendix C. As d e t a i l e d  i n  Appendix C, i n d u s t r i a l  b o i l e r  r e s i d u a l  

f u e l  use c o n t r i b u t e s  more than 70 percent  o f  t o t a l  res idua l  f u e l  
- 

emissions and more than 60 percent  o f  t o t a l  o i l  combustion 

emissions. Yet no mention o f  t h i s  appears i n  e i t h e r  t a b l e  o r  i n  

t h e  d e s c r i p t i v e  paragraph on page 111-6. PGLE recommends t h a t  

Table I 1 1  be rev i sed  t o  rep lace  t h e  o i l ,  coal and motor v e h i c l e  

ca tegor ies  w i t h  t h e  f o l l o w i n g :  i n d u s t r i a l  steam generators; o t h e r  

s t a t i o n a r y  source f u e l  combustion; motor v e h i c l e  f u e l  combustion; 

and o the r  mob i le  source f u e l  combustion. I n  Table 111-1, t h e  

" i n d u s t r i a l  steam generator"  ca tegory  should be subd iv ided i n t o  i t s  

p r imary  c o n t r i b u t o r s ,  presumably low s u l f u r  f u e l  o i l  b o i l e r s  and 

h igher  s u l f u r  o i l  f i e l d  steam generators. S im ia r l y ,  t h e  "o the r  

mobi le  source" category should be subdiv ided i n  Table 111-1 i n t o  

ship,  r a i l ,  and a v i a t i o n  f u e l  r e l a t e d  emissions. The o the r  



categor ies :  u t i l i t y  r e s i d u a l  f u e l ,  commercial r e s i d u a l  f u e l ,  

d i s t i l l a t e  fuel o i l ,  coa l ,  waste o i l ,  and sludge i n c i n e r a t i o n  a r e  

comparat ive ly  i n s i g n i f i c a n t .  Nevertheless, we recommend a l s o  

l i s t i n g  each such ca tegory  i n  Table 111-1 t o  g i v e  the  p u b l i c  a 

b e t t e r  perspect ive  of t h e  r e l a t i v e l y  low l e v e l s  o f  such emissions." 

Response: Table 111 and 111-1 of  t h e  cadmium r e p o r t  w i l l  be rev i sed  and t h e  

cadmium emissions from u t i l i t i e s  w i l l  be mentioned. We do n o t  

b e l i e v e  i t  i s  necessary t o  g r e a t l y  expand the  d e t a i l  i n  Table 111-1 

a t  t h i s  t ime as suggested by PGLE. Should a i rbo rne  cadmium be 

l i s t e d  as a t o x i c  a i r  contaminant, emission est imates f o r  cadmium 

w i l l  be r e f i n e d  and d e t a i l e d  t o  support  r i s k  management a c t i v i t i e s .  

Comment: a) " I n  1984, PG&E sampled cadmium concent ra t ions  i n  t e n  f u e l  o i l  

tanks a t  s i x  d i f f e r e n t  PG&E power p l a n t  s i t e s .  Concentrat ions i n  
- 

t h r e e  tanks were below t h e  i n i t i a l  d e t e c t i o n  l i m i t  o f  0.5 ppm. 

Concentrat ions i n  t h e  remain ing e i g h t  tanks averaged 0.39 ppm, w i t h  

none measured h igher  than 0.52 ppm o r  lower  than 0.31 ppm. Th is  

data i s  c o n s i s t e n t  w i t h  t h e  0.38 ppm data p r e v i o u s l y  submit ted by  

Southern C a l i f o r n i a  Edison. b )  PG&E t h e r e f o r e  recommends t h a t  t h e  

ARB n o t  cont inue t o  imp ly  t h a t  concent ra t ions  rang ing  as h igh  as 

5.1 ppm would be e q u a l l y  l i k e l y . "  

Response: a) We apprec ia te  PG&E p r o v i d i n g  i n f o r m a t i o n  on the  cadmium 

concent ra t ions  o f  r e s i d u a l  o i l  used a t  i t s  p lants.  These data w i l l  

be considered i n  e s t i m a t i n g  cadmium emissions from r e s i d u a l  o i l  

combus t ion.  



b )  A f a c t o r  o f  5.1 ppm was n o t  used t o  develop the  h igh  es t imate  . 

f o r  u t i l i t y  b o i l e r s .  The f a c t o r  used p r e v i o u s l y  was 5.1 l b s  Cd per  

m i l l i o n  g a l l o n s  o f  o i l  burned. New est imates based on a f a c t o r  o f  

0.52 ppm haye been developed. 
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peuartment of Health Service% 

Staff Responses to Comments from the 

Scientific Review Panel 

(January 1986 Draft) 

Comment : 

The SRP stated that the DHS did not appear to have a policy for 

determining when to use animal data and when to use human data in a risk 

assessment. 

pes~onse: 

The policy of the DHS staff has been to use the best evidence available 

for the risk assessment. The choice of human or animal data has been made 

on a case-by-case basis. 

Human data are clearly preferable where studies are well designed and 

exposure .is well documented, since this eliminates the uncertainty arising 

from interspecies extrapolation. Frequently, human exposure has not been 

well documented. In addition, information about potential confounding 

variables is often lacking. 

On the other hand, in some cases the animal data may not be suitable. 

For example, in the animal data for asbestos, exposures were reported on 

mass basis instead of by fiber count. Since fiber count is the significant 

factor used in evabpating human health effects of asbestos, the DHS staff 

chose to use the human data. 

Cadmium was the first chemical encountered in the AB 1807 process for 

which there was both a suitable animal study and a well designed human study 

with documented exposure estimates for individual workers and a positive 



dose-response. 

separate risk 

This made it possible for the DHS staff to conduct two 

assessments. 

Comment: 

The SRP stated that DllS staff did not make clear the rationale for 

choosing to use the human-based risk assessment for cadmium. 

pesuonse: 

As noted in the original report, the two risk assessments led to ranges 

of estimated risk that did not overlap. Using a more refined model to 

determine risk, the updated human-based assessment yielded a risk estimate 

about ten- to sixty-fold smaller than the animal-based assessment. In this 

instance, DHS staff chose to recommend the use of the human-based risk 

estimates even though these were smaller than the animal-based ones because: 

(a) the use of a linear model with a correction for the healthy 

worker effect was judged to be sufficiently health-conservative, 

(b) the amount of error in the measures of dose and effect from ;he 

Thun study were probably not large, 

(c) the net direction of these errors was likely to result in an over- 

estimate of cadmium's carcinogenic potency. 

To further clarify our reasons for adopting the human-based risk 

assessment we have expanded the description of the study by Thun et al. and 

the discussion of th& potential roles of confounding, bias and chance in 

explaining the findings of this study. (Section VII.J.2 Buman studies, 

R-y. ) 

Commenz: 

DHS staff found the evidence of carcinogenicity in humans to be 

sufficient, but did not state the grounds for this interpretation of the e 



aD evidence, nor the reasons why this conclusion differed from that of the IARC 

and the EPA. 

pes~onse : 

Although the IARC has developed specific criteria for evaluating the 

evidence for human carcinogenicity as sufficient, limited or inadequate, the 

study by Thun et al. was not available to that agency when they last 

evaluated cadmium. Based on the evidence available at that time on prostate 

cancer, IARC (1982) concluded that there was limited evidence for 

carcinogenicity in humans. Based on the Thun study, the Environmental 

Protection Agency (EPA, 1985) also classified the evidence as limited. 

While they considered the Thun study to be very strong evidence of human 

carcinogenicity, the lack of another well-conducted study which confirmed 

these results influenced their decision not to classify the evidence as 

sufficient. For the purpose of risk assessment, it is unnecessary for the 

DHS to make such a judgment because cadmium is clearly an animal carcinogen. 

Since the IARC, the EPA and the DHS consider animal carcinogens to be 

potential human carcinogens, cadmium is a candidate for a quantitative risk 

assessment. The document has been revised to reflect this. 

Commenc: 

The SRP questioned the recommendation of the DHS staff to use the 

human-based risk assebment when the EPA found the animal evidence adequate 

for use in risk assessment. 

pesuonsa: 

The DHS also found the animal evidence adequate for use in risk 

assessment. Both EPA and DHS performed w o  risk assessments, one based on 

animal data and one based on human data. EPA also chose to recommend their e 



human-based risk estimate rather than their animal-based estimate, stating 

"species differences and cadmium form differences make an estimate from this 

source (animal) intrinsically less reliable than the one derived from the 

assumed human exposures" (EPA, June 1985). Though their choice of model for 

the human-based risk estimation differed from the one used by the staff of 

DHS, the final estimates were quite close. 

gomen€: 

The model used by the DHS for quantitative risk estimation may not have 

been the best choice, particularly since it did not accomodate all of the 

data. 

pes~onse: 

DHS staff has revised the risk assessment by fitting a more appropriate 

model which accomodates all of the data. This model regresses the observed 

deaths as a function of two factors: the cumulative dose and the expected 

deaths. This function has two parameters: one for the carcinogenic potency 

of the cumulative dose, and the other for the observed "healthy worker 

effect." Since the low exposure group experienced a marked deficit of lung 

cancer deaths, these workers can be inferred to represent a healthier group 

than the general population of white males of the same ages. By estimating 

the degree to which the cohort under study differs from the population, this 

model separates the effect of dose from the countervailing healthy worker 

effect. In particular, it ensures a more health-conservative estimate of 

carcinoge~ic potency. 

Comment: 

The SRP wished to see the range for extrapolation between the observed 

data and the ambient levels in California. 



Res~onse : 

The workers were exposed to cumulative doses which were equivalent to a 

constant 24-hour/day lifetime exposure of concentrations of 2.7, 11.8 and 

41.0 pg/m. Ambient air in California is estimated to contain 

3 concentrations of 1 to 2.5 ng/m . Thus using the daily dose rate, the 

- 3 range of extrapolation is 10 , (three orders of magnitude) or a 

thousandfold. The median cumulative exposures for the workers were 184, 796 

and 2762 mg-days/m3 while the population in California would be expected to 

receive on average, over an 80-year lifespan, .029 to .073 mg-days/m3 . (1 

ng X 365 days X 80 years - 29200 ng-days/m3 - .029 mg-days/ms.) Thus using 

lifetime cumulative dose, the range of extrapolation is 3-4 orders of 

magnitude. In some hot spots, California residents would be expected to 

3 receive 1.17 mg-days/m representing exposures 2 - 3 orders of magnitude 
lower than the workers' exposures. The range of extrapolation has been 

included in the revised Executive Summary of Part B of the document. 





peoartment of Health Services 

Staff Resoonses to Public Comments 

(January 1986 Draft) 

Ciba-Geigy objected to the use of occupational exposures for 

extrapolating risks at ambient levels of cadmium, which are several orders 

of magnitude lower. They argued that (a) cadmium levels declined over time, 

(b) workers were also exposed to arsenic, lead and zinc, (c) urine levels 

indicated high exposures, which may have been the result of poor hygiene 

practices, (d) "smoking could have accounted for half the increase," and (e) 

smoking habits were determined retrospectively. 

Resaonsq: 

The uncertainty involved in extrapolating to very low ambient levels is 

acknowledged by DHS staff. However. it is not feasible to directly observe 

the carcinogenic effect of low-level chemical exposures. The only 

quantitative data on cadmium's carcinogenicity are (1) experimental animal 

data involving daily exposures close to the OSHA permissable exposure level, 

and (2) the occupational study by Thun et al. 

The decline in cadmium levels over time was reflected in the exposure 

assessment carried out by Thun et al. The effect of arsenic was evaluated 

by Thun et al., an'd is discussed in the revised Section VII.J.2 

studies. Respiratorv cancer: Thun study. The hygiene practices of the 

cohort are not an issue since the risk assessment was based on air 

monitoring data, and the hygiene practices are irrelevant to lung exposures. 

Issues related to smoking have been reviewed (see revisions in VII.J.2 Human 

a studies, pesoiratorv cancer: Thun study). 



Comrnenf: 

Ciba-Geigy argued that studies of environmental cadmium exposures did 

not detect adverse health effects. 

Ees~onse: 

The study by Lauwerys (1984) was not concerned with carcinogenicity, 

but with body burdens of cadmium in relation to nephrotoxicity. With regard 

to data from Japan, the commentor provided no references 

Commenf : 

Southern California Edison criticized the ad hoc model which DHS used 

in its risk assessment, and in particular, the exclusion of data which did 

not fit the model. 

pesDonse : 

DHS staff has repeated the risk assessment using a different model 

which accommodates all the data. (See revised Section IX.B.2) 

Comment: 

Southern California Edison pointed out that DHS staff incorrectly 

assumed that the exposures reported by Thun et al. were quantified in units 

of CdO (cadmium oxide). 

pes~onse : 

DHS staff acknowledges this error and has corrected it. 

Commenf: 

Southern California Edison questioned the background rate for lung 

cancer used by DHS on the grounds that it was higher than the rate used by 

EPA. 

ges~onse : 

DBS staff has employed 1979-80 California age-specific rates for lung 

cancer as the background level. The cumulative lifetime probability of 



dying of lung cancer by age 80 in California is .055 for males and .025 for 

females. (See Appendix D in the revised document.) 

Comment: 

Southern California Edison objected to the use of a nonthreshold model, 

citing the lack of elevated cancer risk in the lowest exposure group of the 

study by Thun et al. 

Resuonse: 

The use of a nonthreshold model is based on theoretical, biological 

considerations. The staff of DHS does not consider occupational 

epidemiological studies to be adequate for evaluating whether a threshold 

process is responsible for inducing cancer. Occupational mortality studies 

have no ability to distinguish mechanisms by which an effect is induced. The 

threshold issue is discussed with regard to the mechanisms specific for 

cadmium-induced carcinogenicity in revised Section VIII. With regard to the 

data of Thun et al., the lack of response in the low exposure group can be 

explained as a manifestation of the healthy worker effect, which was also 

observed for cardiovascular deaths. 

Comment: 

Southern California Edison argued that the evidence for human 

carcinogenicity is not sufficient and chat the position of DHS was not 

justified. 

pesuonse: 

DHS. staff has revised the document and has determined chat such a 

judgement was unnecessary because there is sufficient evidence ro consider 

cadmium an animal carcinogen and therefore a potential human carcinogen. 

(Refer to revised Section VII.J.4 CANCER: Conclusion and to DHS staff 

responses to SRP comments.) 



Comment: 

Southern California Edison pointed out that the combined effects of 

smoking and arsenic may be greater than the sum of the two. 

w: 
DHS staff acknowledges that confounding by either of these two risk 

factors and by their interaction could explain some of the excess lung 

cancer deaths. Because of the low levels of arsenic and the data indicating 

a deficit of smokers in the cohort, those two factors are unlikely to 

account for all of the excess, even assuming a multiplicative effect of 

arsenic and smoking. (A full discussion is in the revised Section VII.J.2, 

Human studiea, pesuiratorv cancer-Thun study. Also, see Tables VII-11 to 

VII-14, especially VII-14.) 

Comment.: 

Southern California Edison argued that the DHS should refrain from 

recommending upper bound risk estimates until results are available from the 

nested case/control study being conducted by Thun et al., and until 

uncertainties in this study have been resolved. 

The DHS is mandated to provide a quantitative risk assessment under 

California Health and Safety Code 39660. We have attempted to utilize all 

of the most recent available data in our evaluations and estimates of risk, 

including the presentations by Dr. Lamm and Dr. Thun at the Fifth 

International Cadmium Conference. In the revised risk assessment. DHS staff 

has attempted to clarify areas of uncertainty arising from the data. 

Comment: 

The Cadmium Council, Inc., argued that the evidence of human 

carcinogenicity is inadequate and that the critical epidemiological study by 

Thun et al. is still being reanalyzed. They cited several critisims of this 

4 



study: (a) individual estimates of arsenic exposure were not obtained, (b) 

potential interactive effects of arsenic and smoking were not evaluated. 

They also submitted several unpublished documents including a manuscript by 

Dr. George Kazantzis describing a further follow-up of an earlier study of a 

cohort of workers potentially exposed to cadmium, and a nested case/control 

study of lung cancer deaths in the cohort. 

pesuonse : 

The weakness in not having individual arsenic exposure estimates is a 

concern, but the cohort calculations of Thun et al. indicate that the 

contribution of arsenic to the excess lung cancer death rate was not large. 

Evidence presented in the update of this study indicate that arsenic levels 

have been quite low since 1926, in contrast to the assertions of Dr. Lamm. 

The issue of interaction is discussed in our revised document. Given the 

deficit of smokers in the cohort relative to the general population and the 

low overall risk from arsenic, the interaction of smoking and arsenic 

exposure is likely to have made a negligible contribution to the excess 

cancer mortality. This is because at low relative risks, a multiplicative 

effect is only negligibly different from an additive effect. The 

case/control study conducted by Kazantzis purports to show no association 

between cadmium exposure and lung cancer mortality. Although the report 

contains numerous inaonsistencies and is therefore difficult to follow, it 

appears that the (nonstatistically significant) estimate of relative risk 

associated with a decade of exposure to 1 pg/m3 cadmium was almost identical 

to the (statistically significant) relative risk associated with a "decade 

level" of arsenic exposure, with arsenic exposure classified on a scale of 0 

0 to 2. Rather than being strong evidence of no effect, these data show weak 

evidence of an effect. Furthermore, the exposures of these workers were 



much lower than those in the study by Thun et al. Only 21 workers received, 

exposures that were anywhere near as large as the median of the low exposure 

group in the Thun study. As Kazantzis states, "The present results are not 

inconsistent therefore with Thun's, but there is very little power to detect 

a cadmium effect." 

Comment: 

The Cadmium Council, Inc., objected to the statement by DHS that we "do 

not believe there is evidence to reject an effect of cadmium on prostatic 

cancer.' They asserted that the statistical evidence is convincing that no 

effect exists 

pesnonse: 

The DHS disagrees that a conclusion of no effect is justified. The 

reasons were presented in the original document (pp. 66-68 of part B): (1) 

the highly significant early reports, (2) the persistence of small 

(nonstatistically significant) elevated risks in recent studies, (3) the 

decline in level of industrial exposure, and (4) the low statistical power 

of these studies. In total, DHS staff regards the evidence as inconclusive. 

For clarification, the sentence referred to by the Cadmium Council, Inc., 

has been changed to state "the staff of DHS does not believe that the 

evidence is conclusive to reject an effect of cadmium on prostate cancer." 

Cornmen<: 

The Cadmium Council. Inc., stated that although EPA1s Science Advisory 

Board (SAB) found the Takenaka study to be sufficient evidence of cadmium's 

ability to cause cancer in animals, the SAB felt that more information was 

needed on the actual particle size distribution of ambient cadmium to which 

the general public would be exposed. This information would allow a 

comparison for the purpose of quantitative risk assessment, of the effective 

dose given to the rats in the Takenaka study with typical human exposure. 

6 



Besuonsg : 

The ARB did not estimate the distribution of particle size in ambient 

California air. However, since the animal study was not used for final risk 

estimates, it is not really necessary for a comparison of effective dose. 

If such a comparison were made, it is likely that a modification in ambient 

exposure could be made that would reflect a lower exposure to cadmium 

because some ambient particles containing cadmium would not be respirable. 

In our assessment with occupational exposure, it was assumed that the 

particle size distribution in the occupational setting and in ambient air 

were similar. The validity of this assumption cannot be verified. 

Comment: 

The Cadmium Council, Inc., asserted that the effect of solubility on 

the bioavailability of various cadmium compounds would be likely to result 

in a difference in their toxic potency. The ARB draft document indicated 

that absorption may not be dependent on solubility, citing a study which 

compared the pharmacokinetics of cadmium chloride and cadmium oxide in the 

lung. Information on cadmium red and yellow pigments suggests that 

solubility is important. 

The statement in the ARB document has been changed to explicitly 

pertain only to cadmium chloride and cadmium oxide. It is important to note 

that the ARB has concluded that cadmium oxide, cadmium carbonate, and 

cadmium sulfate are the likely principal constituents of ambient airborne 

cadmium. Cadmium sulfate is soluble, while the oxide, which is relatively 

insoluble, appears to act in the lung like cadmium chloride, a soluble salt. 

It is not known how cadmium carbonate acts in the lung. However, in an 

unpublished paper by Rusch et al. that was supplied by commentors, cadmium 

carbonate appeared to be much more soluble and more toxic than cadmium red 

7 



yellow pigments following inhalation. Since there has been no speciation 

ambient airborne cadmium DHS staff has assumed that all inhaled cadmium 

will act as if it were soluble. 

Commenf;: 

Ciba-Geigy argued that since cadmium chloride increases both epithelial 

permeability and the number of inflammatory cells in the lung, the continual 

presence of this chemical in the lung without any possibility for lung 

clearance and repair was probably responsible for the increased tumor 

incidence observed in the study by Takenaka et al. 

m: 
Although nontumor pathology was not reported in great detail in the 

Takenaka study, there is little reason to believe that there had been 

significant pulmonary lesions as suggested by the commenter. A dose-related 

increase in lung fibrosis was found in the treated animals of the Takenaka 

study, but the severity of the lesions and any relationship they have with 

the observed tumors is unknown (personal communication with Cunter 

Oberdorster, 2/18/86). Lung damage was likely to have been minimal since 

all groups of rats experienced a low mortality rate, indicating that the 

animals were in apparent good health during the study. In addition, a study 

by Hart (Toxic01 Appl Pharmacol 82:281-291, 1985), in which rats were 

exposed to cadmium oxide at 1.6 mg/m3, three hours per day, five days per 

week for six weeks, indicated that the effects mentioned by the commentor 

would resolve after a few weeks even while exposure continued. The exposure 

concentration used by Hart was 32 times higher than the highest 

concentration used by Takenaka, or 4 times greater if averaged over a 24- 

hour period. Thus, there is not sufficient evidence to suggest that lung 

defense mechanisms were overwhelmed during the Takenaka study. 
e 



Comment: 

Ciba-Geigy stated that there are disproportionate changes in tumor 

incidence with successive dose halving in the Takenaka study. It appears 

likely that lower dosages caused less lung damage (considered a threshold 

event) and consequently fewer lung tumors. This would indicate that ambient 

airborne cadmium does not pose a carcinogenic risk to the general population 

and should not be classified as a toxic air contaminant. 

Resoonse: 

As previously stated, the staff of DHS does not consider that there is 

sufficient evidence to link lung damage with the carcinogenicity of cadmium 

in rat lungs. Although there was an apparent dose-related increase in 

fibrosis in the lungs of treated animals (personal communication with Gunter 

Oberdorster), the severity of the lesions is unknown and a relationship, if 

e any, between these lesions and lung cancer has not been determined. The 

staff of DHS does not consider a nonlinear dose-response curve in an animal 

study adequate evidence that a threshold process is responsible for 

carcinogenicity. 

Comment: 

Ciba-Ceigy pointed out that cadmium compounds are not equivalent with 

respect to toxicity, absorption, distribution or excretion. Exposure to the 

two insoluble compounds, cadmium red and cadmium yellow, did not produce 

mortality and resulted in more rapid elimination, according to an 

unpublished study by Rusch. Other studies have also shown solubility and 

physical state of cadmium compounds to be important determinants of potency. 

Bes~onse: 

As stated in response to a similar comment by the Cadmium Council. 

Inc., the staff of DHS agrees that the toxic and possibly the carcinogenic 

potency of cadmium compounds could be related to their solubility. It 
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should be noted that cadmium carbonate and cadmium fume (oxide) were found 

by Rusch to be more toxic than the cadmium pigments. According to ARB, the 

carbonate and oxide forms of cadmium are more likely to be found in the 

ambient air. 

Comment: 

Ciba-Geigy stated that the doses in the Takenaka study imposed a lung 

burden on the rats that bears no relationship to effects expected from 

either larger amounts given for shorter periods or low-level ambient 

exposures of the general population. 

Besuonse: 

The staff of DHS does not find the evidence cited by the commentor 

sufficient to indicate that the lung burden of cadmium imposed on the rats 

in the Takenaka study was unrepresentative of what might be expected from 

ambient exposure. Metallothionein levels probably do increase in response 

to cadmium exposure and it probably does act as a defense mechanism. Hart 

(1986) showed an increase in lung metallothionein over a six-week period 

during which the animals were receiving a daily dose four times the highest 

daily dose given to rats in the Takenaka study. During the six-week period 

initial lung lesions began to resolve, suggesting that metallothionein may 

decrease the toxicity of cadmium. There was no evidence that lung 

metallothionein synthesis was saturated during the Hart study. Thus, there 

is no reason to believe that rats in the Takenaka study were exposed to a 

cadmium concentration that would saturate this defense mechanism. 



Department of Health Services 

Responses to Public Comments on 

Health Effects of Cadmium (Revised) 

(June 1986 Draft) 

Comment : 

All 4 conunentors (Ciba-Geigy, PG & E, Western Oil & Gas Association, 

and the California Council for Environmental and Economic Balance) raised 

the issue of thresholds in the cadmium risk assessment, and urged DHS to 

present a threshold model to provide a lower bound of risk. The EPA risk 

assessment of cadmium was cited for its presentation of both threshold and 

nonthreshold models. 

Res~onse: 

The position of the Department of Health Services (DHS) with regard to 

the use of nonthreshold models is presented in the Guidelines for Chemical 

:8 Carcinogen Risk Assessments and their Scientific Rationale (DHS, 1985): 

"...the DHS guidelines for risk assessment will not include the 
concept of 'thresholds' for carcinogenesis unless clear and convincing 
evidence is presented to demonstrate their existence for a specific 
carcinogen in specified circumstances" 

The full discussion of thresholds from that document is attached and is 

incorporated by reference (Attachment A). The staff of DHS reiterates the 

arguments related to the mechanisms of cadmium-induced carcinogenicity in 

the responses to specific comments below: 

Comment : 

Ciba-Geigy contended that, 

"...the absence of a carcinogenic effect in the Thun study at the 
two lowest doses indicates that a threshold does exist even in the 
workplace and would exist for ambient air where exposure is a 
thousandfold less." 



Lack of an elevated risk among workers in occupational cohorts exposed 

at low doses does not necessarily constitute evidence of a threshold, but 

rather evidence of the well-established "healthy worker effect". As 

explained in the document, these workers were estimated to have half the 

cancer risk of the U.S. population. Deaths from diseases of the circulatory 

system were also significantly lower than expected for the whole cohort 

(SMR-65), providing further evidence of a pronounced healthy worker effect 

in this cohort. In addition, the size of the study population was too small 

to detect the magnitude of risks expected at the low doses. Unless one 

compares the mortality to another worker population, the "expected" lung 

cancer deaths (obtained from the standard population, in this case 3.77) 

will be higher than what is predicted by the model at low doses (2.49 lung 

cancer deaths). This is because the number of expected cases is based on a 

population which differs from the study population on factors other than 

exposure to occupational carcinogens; correcting the "expected" for these 

differences yielded an adjusted value of 1.89 expected lung cancer deaths. 

Thus, taking into account the estimated healthy worker effect, this study 

had a power of less than 1% to reject a hypothesis of no-effect for the low 

dose group at the a-0.05 level, assuming the model predictions are correct. 

In other words, one would not have expected to detect an excess in lung 

cancer deaths in the low-dose group. 

With regard to the EPA's risk assessment, neither of the models fitted 

by the EPA (the threshold or the nonthreshold model) fits the observed data 

as well as the model used by the DHS staff (Table C-1). The poorest fit was 

obtained by the threshold model for the low-dose group, where the model 



fitted by the DHS staff was superior to both models presented by EPA. While 

all of these models were subject to the limitations of the data, the model 

that includes a parameter for the healthy worker effect is clearly a better 

specification of the quantitative dose-response relationship. 

Comment: 

In their comment on the threshold issue Ciba-Geigy qtated: 

"It is of interest that your reviewers consider negative in vivo 
mutation studies as being insensitive tests as opposed to being 
indicative that the body can effectively handle small doses of cadmium; 
i.e., exhibit threshold characteristics, at concentrations that might 
be present in ambient air." 

Response : 

One interpretation of the results from these studies is that the body 

can effectively handle small doses of Cadmium. However, DHS staff members 

have concluded that in this case the interpretation is not valid because 

this type of assay is relatively insensitive; i.e., this assay is incapable 

of detecting other than large effects. The dominant lethal assay has a 

lower sensitivity than other genotoxicity assays because there is: (1) a 

relatively high rate of spontaneous lethal events that occur during 

development, and (2) the number of implants examined is extremely small 

compared to studies that examined individual cells for an effect. In 

addition, the DHS staff members agree with the International Agency for 

Research on Cancer (IARC, 1983) that it is difficult to rule out genotoxic 

effects based on short-term tests and there is insufficient evidence to 

justify creating a separate class of carcinogens (based on mechanism) for 

which different risk assessment methods would be used. 



Comment : 

Ciba-Geigy argued for the concept of a threshold for cadmium-induced 

carcinogenicity with the following: 

"First of all, excess cadmium can stimulate metallothionein synthesis 
which is known to detoxify cadmium following continuous low level 
exposure (Webb, M. (1979) in "Metallothionein", Kagi & Nordberg, 
editors, pp 313-20). Secondly, it is known that zinc and cadmium 
interact and compete for protein and enzyme binding sites." 

pesponse : 

As stated by the commentor, cadmium does induce metallothionein 

synthesis and this protein appears to have a protective role against cadmium 

toxicity. Hart (1986) showed that metallothionein increased during a six- 

week exposure period when rats were exposed to a cadmium oxide concentration 

of 1.6 mg Cd/ms. Metallothionein, however, does not protect against acute 

cadmium toxicity (Webb 1979). Furthermore, Takenaka et al. (1983) showed 

that cadmium induced lung cancer at lower exposure levels than were used by 

Hart. Thus, metallothionein does not appear to prevent cadmium 

carcingenicity at exposure levels used in the Takenaka et al. study. 

Metallothionein may have a protective role, but it clearly cannot detoxify 

all cadmium that enters the body. 

Zinc also appears to protect against cadmium toxicity. However, as 

with metallothionein, there is no evidence that zinc will protect an animal 

from the carcinogenic effects of cadmium below some specific exposure level. 

In addition, it is well established that a carcinogen's potency can be 

inhibited or enhanced by other compounds. Such effects do not indicate that 

a threshold therefore exists for carcinogenicity. 



Comment: 

The California Council for Environmental and Economic Balance (CCEEB) 

suggested that "the Air Resources Board needs to know the relative weight of 

the evidence regarding the plausibility of such thresholds." 

Response: 

In the case of cadmium, there is no compelling evidence that the 

carcinogenic effects are mediated by a threshold. This point is discussed 

at length in Part B Section VIII. 

Comment: 

PG & E contended that: 

"Although the DHS qualifies its estimate of 2-12 cases per million by 
stating that 'the actual risk may lie in or below that range', this is 
not sufficient since other experts have acknowledged that a zero risk 
estimate could be equally valid." (citing EPA, 1985) 

Resuonse : 

The DHS staff believes that the presentation of the range of risk 

estimates as an upper bound is clear, and that the possibility of lower risk 

is sufficiently described in Part B: Section IX. 

There is neither a theoretical basis nor empirical data sufficient to 

aSsign a probability to either the lower or upper bound region. Thus, it is 

not possible to give a relative weight to one or another portion within this 

range of risks. In the interest of protecting the public's health, and for 

reasons cited in Part B of the document and reiterated below, the DHS staff 

recommends that risk management decisions be based on the upper limit of 

this range: 30 excess lifetime cancer deaths per million persons from 

lifetime exposure to current average ambient levels of 2.5 ng/ms cadmium. 



Comment : 

CCEEB stated: 

"We can understand the basis for incorporation of the worst-case 
policy assumptions DHS uses to emphasize the maximum possible upper 
bound risk (although we believe that risk assessments should also 
present the 'most likely' risk estimate)." 

Response : 

As pointed out in Part B Section 1X.2, this risk assessment does not 

present a worst-case scenario, but rather a plausible risk estimate, for the 

following reasons: (1) the estimate is based on the observed data and on 

realistic assumptions where data were lacking, both for exposure and for 

mortality in the study by Thun et al.; (2) the linear extrapolation model 

is, in the best scientific judgment of the DHS staff, a health-conservative 

method of extrapolation, while a worst-case would include a supralinear 

model; (3) the exposure estimate for California residents is based on mean 

levels obtained from monitoring throughout the urban areas of the state, not 

on the maxima; (4) as explained extensively in the document, the DHS staff 

recommends the human-based risk estimates, rather than the higher, animal- 

based estimates (Part B, Section IX.B.3). Thus, the estimated unit risk and 

its upper 0.95 confidence limit recommended by DHS provide a plausible range 

for the upper bound of risk, not a worst-case range. 

Comment: 

PG & E argued that the DHS risk assessment should recommend the "best" 

risk estimate rather than the "upper bound." 

Response : 

As discussed above, the DHS staff has presented a risk estimate based 

on plausible assumptions, not a worst-case scenario. The main source of 



e "health-conservatism" is in the use of a linear nonthreshold extrapolation 

model. The recommendation to use the upper bound on risk is based on two 

considerations: (1) as discussed in the document (Section VII.J.2), the 

risk estimate was based on lung cancer deaths only, whereas the 

epidemiologic evidence suggests urogenital cancer, as well. The data cannot 

be considered conclusive due to the small sizes of the study cohorts; 

nevertheless, the recommended risk estimate should provide an added margin 

of safety for possible increases in these cancers. (2) The application of a 

dose-response relationship observed in adult males to the general population 

assumes equal exposure and sensitivity across all ages and sexes. Since our 

risk assessment is based on average levels obtained at monitoring stations, 

this assumption could result in an underestimation of risk for several 

reasons : 

The rapidly proliferating tissues of children may be more susceptible 

to carcinogenic agents than cells in adults. Second, where air 

concentrations of cadmium may be related to dust from contaminated soil, 

children are not only closer to the ground, but far more likely to play in 

dirt and thus to have substantially higher exposures than adults. Third, a 

recent paper by Phalen et al. (1985) showed that tracheobronchial particle 

deposition is generally more efficient in smaller (younger) individuals than 

in larger (older) people. For instance, the dose on a per kg basis for 5 pm 

diameter particles could be 6 times higher in a resting newborn than in a 

resting adult. This paper also showed that particle deposition varies with 

activity level. It appears, therefore, that at ages when individuals are 

potentially more susceptible to carcinogenic damage, they may be 



consistently receiving higher exposures and distributing cadmium to the 

target site more efficiently. 

For these reasons, the DHS staff does not concur with the conclusion of 

EPA (1985) that the upper bound risk estimate provides an "unnecessary added 

level of conservatism." 

Comment : 

Ciba-Geigy noted that the DHS staff did not take into account the 

potential effect of dose-rate on cadmium's carcinogenic activity, citing 

several studies. 

Res~onSe : 

The observations of Littlefield and Gaylor (1985), cited by the 

commentors, were based on the EDOl study of 2-acetylaminofluorene. Since 

the dose-rate characteristics of a compound's carcinogenicity may be 

dependent on the pathways for metabolic handling by the organism, this study 

does not necessarily apply to cadmium. The contrast between survival rates 

in the studies by Oldiges and Glaser (1986) and by Kaplan et al. (1977), 

also cited by the commentors, reflects a dose-rate effect of cadmium on 

noncarcinogenic toxicity, which may not generalize to carcinogenicity. 

Additionally, it is difficult to draw a conclusion based on a comparison of 

these two studies since they were done in different laboratories and with 

different strains of rats. DHS staff members, however, do recognize that 

dose-rate may influence the carcinogenic risks due to cadmium exposure. 

Because this effect has not been characterized quantitatively, the 

assumption was made that, in the absence of data, cumulative dose could 

define risk (Part B, Section IX.B.2). This is a health-protective 

assumption, since the environmental exposures involve much lower dose-rates, 



as well as lower cumulative doses, than were used to estimate the 

carcinogenic potency of cadmium. 

Comment : 

Western Oil and Gas Association (WOGA) suggested that converting doses 

between species by direct air concentrations, i.e., not accounting for 

differences in metabolic rate, constituted manipulation of the data. 

Response : 

DHS staff conducted its animal-based risk assessment by converting rat 

to human doses on a surface-area basis. In the discussion comparing the 

animal- and human-based risk assessments, a risk estimate was derived in 

which direct air concentration in the animal experiment was taken to be 

equivalent to the human dose. As explained in Part B, Section IX.B.3, this 

calculation was presented for comparative purposes only, and does not, in 

... 
the staff's opinion, constitute manipulation of the data. 

Comment: 

WOGA stated that the DHS staff's use of human data for the cadm-lum risk 

assessment is inconsistent with the previous use of animal data when human 

data were available for benzene. 

Response : 

The range of risk estimates (24 x to 170 x low6) recommended by 

DHS staff for the benzene risk assessment (DHS, 1984) was based on both the 

EPA estimate, which used data from three epidemiologic studies of leukemia 

deaths, and an estimate derived from a National Toxicology Program cancer 

bioassay in male mice. A comparison of the risk estimates and confidence 

intervals from the linear extrapolation using the best quality human data 

(Rinsky et al. 1981) and the multistage model using the most sensitive 

e 



animal data (preputial gland tumors in mice) shows both the point estimates 

and the upper 95% confidence limits (CL) to be very close: 

RISK DUE TO 1 PPB AMBIENT EXPOSURE TO BENZENE 

Epidemiologic Data Animal Data 

Point Estimate 48 x lom6 78 x 10.' 

Upper 95% CL 120 x 170 x 

Unlike benzene, for cadmium, the confidence intervals for the animal- and 

human-based risk estimates did not overlap. Therefore, the DHS staff felt 

that it was necessary to make a choice. For reasons stated at length in the 

document (Section IX,B.3), the choice to recommend risk estimates based on 

human data was dictated by both the quality of the epidemiologic data, 

(including the exposure information and the analysis of potential 

confounders) and our judgment that the assumptions were unlikely to result 

in an underestimate of the true risk. The approach taken by DHS staff for 

the cadmium risk analysis was therefore fully consistent with methods 

utilized in previous risk analyses. 

Comment : 

Ciba-Geigy stated that possible exposures to asbestos and to radon were 

not considered in the study by Thun et al. (1985) and that these could have 

been confounders. The commentor asserted that one of the lung cancer deaths 

was a worker who was also in another cohort where his death was attributed 

to asbestos. 

Resuonse: 

It is possible that one of the workers in the study of Thun et al. may 

have left this plant and then worked elsewhere and received asbestos 



exposure. Whether or not this is true, workers in the comparison population 

have similar opportunities to receive asbestos exposures. Since it is a 

relatively common exposure, asbestos-induced lung cancers contribute to the 

background rates throughout the U.S. Furthermore, if it is true that 

asbestos exposure contributed to the death of one of the cadmium-exposed 

workers, one cannot rule out an added contribution from cadmium, given the 

multifactorial nature of carcinogenesis. It is also unlikely that exclusion 

of this death would substantially alter the result of the risk assessment 

(e.g., compare the upper and lower portions of Table IX in Part B of the 

document). Dr. Thun, in a personal communication (9-9-86) indicated that in 

a further follow-up of the cohort to 1984, the lung cancer deaths continued 

to show a dose-response relationship to cadmium exposure. 

The probability of significant radon exposures in the plant is low. 

The plant itself is above ground, so that if radon gas were emitted by 

soil, it would readily diffuse; containment such as occurs in mines or 

basements would not occur. If radon exposures were a problem in that 

region, one would expect a less pronounced effect when comparing to state 

rates as opposed to U.S. rates. The SMRs were higher, not lower, when the 

state rates were used as a comparison. Further, if radon daughters were 

being emitted from mill tailings in the walls, it would be highly 

coincidental if those portions of the plant where cadmium exposures were 

greater also had higher radon exposures. 

While it is difficult to entirely rule out the potential for 

confounding from unmeasured sources such as radon and asbestos, the 

plausibility of these sources as explanations for the clear dose-response 



between well-quantified cadmium exposures and excess mortality from lung a 
cancer is low. 

Comment : 

Ciba-Geigy pointed out that the use of an occupational standard for 

cadmium to produce a safe ambient level yields a value which is three times 

as great as levels measured in "hot spots'' in California, and fifty times as 

great as average ambient levels. The commentor cited Calabrese (1986) as 

saying that this method is "consistently more conservative or protective 

than that derived from actual data." 

Res~onse: 

This method involves dividing the TLV (threshold limit value) by the 

ratio of hours in a workweek to total hours in a week, and then applying a 

safety factor of 100. The above quotation referred to 5 pollutants 

regulated by the U.S. federal government. In the same paper, Calabrese 

reported that this method applied to maximum acceptable occupational levels 

.' 
in the Soviet Union is more protective than the direct use of experimental 

data for 30 pollutants, and less protective for 13 others. Based on the 

figures provided by Ciba-Geigy for cadmium, this method is clearly less 

protective than the estimates EPA or DHS staff derived using the actual 

data. In the U.S., TLVs do not represent a uniform concept: they are 

principally based on considerations other than carcinogenicity, and may be 

based on practical considerations of what is attainable. In the case of 

cadmium, the ACGIH based its recommended TLV on kidney toxicity (ACGIH, 

1982). 



Comment: 

Ciba-Geigy referred to evidence that cigarette smoking contributes to 

the body burden of cadmium, citing a study which showed that smokers' lungs 

contained a protein which binds cadmium. 

Response: 

DHS staff acknowledges that cigarette smoking can increase the cadmium 

body burden. It may contribute to the production of cadmium-binding 

proteins. However, this does not constitute evidence of the safety of 

ambient levels of cadmium. It is also possible that cadmium is one of the 

components of cigarette smoke which is responsible for its strongly 

carcinogenic effect. 
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TABLE C- 1 

OBSERVED : 

A COMPARISON OF THE OBSERVED DATA OF THUN ET AL. 
AND THE PREDICTED RISKS FROM THREE MODELS 

Low Middle High x2 p -value 
- - (df)* 

2 7 7 

PREDICTED: 
EPA Nonthreshold Model k . 5 3  7.33 6.08 1.6 

(2) 
.45 

EPA Threshold Model 3.77 4.61 7.00 2.1(1) .15 

DHS Nonthreshold Model 
with Healthy Worker Effect 2.94 5.99 7.44 0.5 

(1) 
.48 

* df-degrees of freedom 



Issues in the Selection of Dose-Res~onse Models - 
1. Thresholds 

Traditional toxicology incorporates thresholds in the dose-response e I 

relationship. These o;e dose levels below which a toxicological response 
is not observed. This is not to imply that cellular or tissue damage does 
not occur below the "threshold" level, but rather that the organism,.either 
has the reserve capacity to withstand damage or is able to adapt to the 
toxicological stress. For toxicologic effects, a threshold is said to 
occur at dose levels that are insufficient to cause damage. For example, 
if a toxic substance killed nonreplicating optical neurons, sight would 
not suffer until a sufficiently large number (perhaps millions) of cells 
had died. 

But the processes of carcinogenesis appear to be qualitatively different 
from those in classical toxicology. In contrast to the toxic effects 
described above which involve impairment of functions at the organ or 
organism level, the initial "target" for carcinogenic action is believed 
to be extremely small. As we develop a better understanding of the 
mechanisms of carcinogenesis and mutagenesis, it appears likely that many 
carcinogens interact with DNA or other target macromolecules. In addi- 
tion, there is evidence that the occurrence of such events in a single 

2 8 , 2 9  
cell can produce cancer. The delivery of the critical molecules to 
critical cell at the critical time involves the iqterplay of a variety of 
protective defense systems within the body. However, there is some finite 
probability that a few molecules would evade these defenses and produce an 
event that triggers carcinogenesis. This scenario, .so different from 
classic toxicologic processes, makes a threshold less likely for 
carcinogenesis. 

Despite this, a pharmacokinetic argument has been made for the existence I 
I 

of practical operation thresholds. For example, the observation of a 1 
plateau of response at the high dose levels of the vinyl chloride dose- 
response curve is interpreted to mean that the enzyme system(s) that 
activate vinyl chloride to its carcinogenic species are overloaded or 
saturated. The argument is then made by analogy that protective enzymes 
systems that deactivate carcinogens and are reasonably effective at low 
doses may likewise be saturated and hence be less protective at the high 

3 0 . 3 4  
doses encountered in animal bioassays. 

A model that produces a threshold in the dose-response curve has been 
developed. This model is based on the concept that high doses of car- 
cinogens can overcome protective systems. However, this model produces a 
threshold by requiring that the carcinogen be instantaneously deactivated, 
which is unlikely. If detoxification reactions are not instantaneous, a 
small amount of the agent may escapa detoxification by protective enzymes 
and interact with the DNA. In this instance, the protective effect of 
detoxifying enzymes would decrease the slope of the dose-response curve 

" e 
.,o 

but would not produce a classical threshold. 



Even if thresholds could be determined for individuals, establishing a 
population threshold is more difficult because of the observed variability 
of the human population. This variation is a consequence of extreme 
genetic heterogeneity and differences in physiological state associated ' 

with age, sex, reproductive activities, nutrition, and exposure to 
environmental/ occupational stresses including other carcinogens. Even if 
it is assumed thar each individual in the population has a threshold 
defined (at any one time) by his or her physiological state, the popula- 
tion is likely to be characterized by a very wide distribution of 
thresholds such that there may not be an absolute lower bound or popula- 

8 , 9 8 , 3 7  
tion threshold. Since the threshold dose for the human population 
should be the threshold dose for the most sensitive individual, this dose 
may be so low as to be effectively zero. By analogy, the threshold dose 
for an individual or organism is the threshold dose for the most sensitive 

" * 
- 0  

cell, and this may also be extremely low. Operationally, these variable 
threshold models are difficult to distinguish from nonthreshold models 
that are concave upward at low doses. 

These models would produce absolute thresholds only under the assumptions 
* a  - - 

of instantaneous deactivation and repair. Other models predict non- 
linearities in the dose-response curve that will lead to practical, but 
not absolute, thresholds. The presence, or absence, of an absolute 
threshold remains unconfirmable. The ED01 study indicated that the 2-AAF 
mouse exhibits an apparent threshold for bladder cancers at low doses. 
However, re-analysis of this low-dose data at greater resolution indicated 
that the threshold was more apparent than real: the incidence of bladder 
tumors increased with dose even at the low doses, and no threshold level 

0 
could be determined. Thus, scientists are now less concerned with the 
existence of thresholds than in the degree of nonlinearity of the dose- 
response curve in the low dose region. 

Another factor against the existence of thresholds for carcinogens is the 
substantial "background" incidence of cancer in humans. Unless each 
carcinogenic substance operates by a unique mechanism, an additional small 
exposure to a substance may supplement an individual's exposure to other 
carcinogens operating by a similar mechanism. The high incidence of 
cancer of unexplained etiology demonstrates that human exposure is well in 
excess of any possible population threshold for at least some of these 
mechanisms. Viewed in this manner, since we cannot know which of the 
possible carcinogenic mechanisms are already operating and contributing to 
background incidence, we will assume that no additional exposure, however 
small, may be considered free of risk. 

For these reasons, the DHS guidelines for risk assessment will not include 
the concept of "thresholds" for carcinogenesis unless clear and convincing 
evidence is presented to demonstrate their existence for a specific car- 

' = t 7  8 
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cinogen in specified circumstances (NAS , OSHA , OTA , Food Safety 
r n  , r  - "  -. 
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M e m o r a n d u m  

William Lockett, Chief 
Office of External Affairs 
Air Resources Board 
1102 Q Street 
Sacramento, CA 95812 

: Epidemiological Studies 
and Surveillance Section 

714 P Street 
Sacramento, CA 95814 

Subject: Response to 
Ciba-Geigy letter on 
Cadmium 

I have reviewed the comments and information contained in a letter addressed 
to Mr. Cliff Popejoy of the California Air Resources Board from Dr. Martin 
E. Bernstein of Ciba-Geigy Corporation dated June 18, 1986. I found the 
comments similar to those submitted earlier by Ciba-Geigy and the Cadmium 
Council. These comments point out that there is a difference in the toxic 
potency of various cadmium compounds probably due to the difference in 
solubility. In particular, cadmium sulfide is less toxic than cadmium oxide 
or cadmium chloride. 

It is evident from the information submitted in this letter and in the 
earlier submissions that there is a difference in toxicity. Xn a previous 
set of responses (letter from Gary Murchison of ARB containing an addendum 
to the Draft Report on Cadmium, dated July 17, 1986), staff of the 
Department of Health Services indicated that such a difference does exist 
(pages 7 and 9). 

I would like to point out that cadmium oxide, sulfate, and carbonate are 
considered the primary species of cadmium in ambient California air. 
Evidence indicates that these compounds act more like cadmium chloride, 
which was shown to be carcinogenic in an animal bioassay, than cadmium 
sulfide, which the commentor has indicated is less toxic than other cadmium 
compounds. 

In the final paragraph of the letter, it was stated that no neoplastic 
lesions had been found in exposed animals that were part of the on going 
study cited in the letter. I believe it is premature to determine the 
adequacy of this study since the study is still in progress and the only 
pathology results appear to be for animals exposed for less than one year. 

If you have any questions, please call me at 324-2829. 

- 
David M. Siegel, Ph.D. 
Staff Toxicologist 

cc: Michael Liosett 
Raymond Neutra 





INTRODUCTION AND RECOMMENDATION 

S t a t e  l a w  d e f i n e s  a  t o x i c  a i r  con taminan t  as an a i r  p o l l u t a n t  wh ich  t h e  

A i r  Resources Board o r  t h e  Department o f  Food and A g r i c u l t u r e  f i n d s  "may cause 

o r  c o n t r i b u t e  t o  an i n c r e a s e  i n  m o r t a l i t y  o r  an i n c r e a s e  i n  s e r i o u s  i l l n e s s ,  

o r  wh ich  ]nay pose a  p r e s e n t  o r  p o t e n t i a l  hazard  t o  human h e a l t h " .  The s t a f f s  

o f  t h e  A i r  Resources Board and Department o f  H e a l t h  S e r v i c e s  have rev iewed  t h e  

a v a i l a b l e  s c i e n t i f i c  ev idence  on t h e  presence o f  cadmium i n  t h e  atmosphere o f  

C a l i f o r n i a  and i t s  p o t e n t i a l  adverse e f f e c t  on p u b l i c  h e a l t h .  Based on t h e  

c o n c l u s i o n  o f  t h e  Department o f  H e a l t h  S e r v i c e s  s t a f f  t h a t  cadmium meets t h i s  

d e f i n i t i o n ,  t h e  s t a f f  o f  t h e  A i r  Resources Board recommends t h a t  cadmium be 

i d e n t i f i e d  b y  t h e  Board as a  t o x i c  a i r  contaminant .  The ARB s t a f f  i s  u n a b l e  

t o ,  based on a v a i l a b l e  s c i e n t i f i c  i n f o r m a t i o n ,  i d e n t i f y  a  l e v e l  below which 

adverse h e a l t h  e f f e c t s  a r e  n o t  expec ted  t o  o c c u r ,  and t h e r e f o r e  i s  unab le  t o  

recommend a  t h r e s h o l d  l e v e l .  

Cadmium was chosen f o r  e v a l u a t i o n  because: i t  had been i d e n t i f i e d  b y  t h e  

I n t e r n a t i o n a l  Agency f o r  Research on Cancer (IARC) as an an imal  c a r c i n o g e n  

w i t h  e p i d e m i o l o g i c a l  ev idence  o f  c a r c i n o g e n i c i t y  i n  humans; i t s  presence i n  

t h e  atmosphere had been documented; i t  i s  e m i t t e d  f rom many sources i n  t h e  

s t a t e ,  and may be e m i t t e d  i n  i n c r e a s e d  amounts i n  t h e  f u t u r e .  

SOURCES OF CADMIUM 

Cadmium i s  e m i t t e d  f rom b o t h  s t a t i o n a r y  and m o b i l e  sources.  S t a t i o n a r y  

sources wh ich  a r e  l i k e l y  t o  e m i t  cadmium i n c l u d e  secondary  s m e l t e r s ,  cement 



manufactur ing p lan ts ,  cadmium e l e c t r o p l a t i n g  f a c i l i t i e s ,  p lan ts  burn ing  o i l  o r  

coal ,  and sewage sludge i nc ine ra to rs .  Mob i le  sources which emi t  cadmium 

inc lude  gaso l ine  and d iese l  veh ic les  and p a r t i c l e s  r e s u l t i n g  from t i r e  wear. 

An emissions i nven to ry  compiled by ARB s t a f f  i n d i c a t e s  t h a t  a t o t a l  o f  from 16 

t o  18 tons l yea r  o f  cadmium are  emi t ted  i n  C a l i f o r n i a ;  s t a t i o n a r y  sources 

account f o r  e i g h t y  percent o r  more o f  cadmium emissions. Cadmium emissions 

from f o s s i l  f u e l  combustion and veh ic les  are p ro jec ted  t o  increase due t o  

expected increase i n  f u e l  use. 

EXPOSURE TO ATMOSPHERIC CADMIUM 

General popu la t i on  exposure t o  atmospheric cadmium was est imated us ing  

data on cadmium concentrat ions f o r  the  f i r s t  s i x  months o f  1985 i n  var ious  

l o c a t i o n s  i n  the  state.  We be l i eve  t h a t  these averages are reasonably 

rep resen ta t i ve  o f  annual average concentrat ions.  We est imate t h a t  10 m i l l i o n  

3 people are  exposed t o  an average cadmium concent ra t ion  o f  1.0 t o  2.5 ng/m , 

and t h a t  one m i l l i o n  people a r e  exposed t o  an average cadmium concent ra t ion  o f  

1.8 t o  5.6 ng/m3. Ne i ther  s i z e  d i s t r i b u t i o n  nor  the  compound forms o f  

cadmium were determined i n  t h e  ARB'S measurements. Work done by o the rs  on t h e  

s i z e  ' d i s t r i b u t i o n  o f  atmospheric cadmium ind i ca tes  t h a t  atmospheric cadmium 

occurs p r i n c i p a l l y  on the  sur face o f  r e s p i r a b l e  p a r t i c l e s  ( those l e s s  than 2.5 

micrometers (um) i n  diameter).  

Exposure t o  atmospheric cadmium near sources i s  expected t o  be h igher  than 

general popu la t i on  exposure. To es t imate  exposure t o  atmospheric cadmium near 

sources, ARB s t a f f  used on a i r  q u a l i t y  model t o  c a l c u l a t e  the  ambient 

concent ra t ion  o f  atmospheric cadmium i n  t h e  South Coast A i r  Basin due t o  

emissions from th ree  secondary copper smelters. These emissions were 



e s t i m a t e d  t o  r e s u l t  i n  annual  average exposure t o  a tmospher i c  cadmium o f  u p  t o  

3  1 0  ng/m f o r  a  p o p u l a t i o n  o f  51,000 and 1 1  up t o  ng/m3 f o r  a  p o p u l a t i o n  o f  

285,000. 

HEALTH EFFECTS OF CADMIUM 

C o n c e n t r a t i o n s  o f  cadmium measured i n  t h e  atmosphere a r e  much l o w e r  t h a n  

those  which a r e  a s s o c i a t e d  w i t h  c h r o n i c  adverse  h e a l t h  e f f e c t s  i n  o c c u p a t i o n a l  

s e t t i n g s  o r  wh ich  have produced a c u t e  e f f e c t s  i n  an imal  exper iments .  Because 

o f  t h i s ,  and because cadmium i s  t h o u g h t  t o  e x h i b i t  a  t h r e s h o l d  e f f e c t  f o r  

non-cancer h e a l t h  e f f e c t s ,  adverse h e a l t h  e f f e c t s  o t h e r  than cancer  a r e  n o t  

expected t o  o c c u r  due t o  i n h a l a t i o n  o f  cadmium a t  c u r r e n t  o r  a n t i c i p a t e d  

a tmospher i c  c o n c e n t r a t i o n s .  

Two s e p a r a t e  cancer  r i s k  assessments were developed, b o t h  o f  which assumed 

t h a t  cadmium c a r c i n o g e n i c i t y  opera tes  t h r o u g h  a  n o n t h r e s h o l d  mechanism. One 

was based on a  m o r t a l i t y  s t u d y  o f  workers  i n  a  cadmium p r o d u c t i o n  p l a n t ;  f o r  

3 exposure t o  1  ng/m cadmium, a  b e s t  e s t i m a t e  o f  excess l i f e t i m e  cancer  r i s k  

o f  2  pe r  m i l l i o n ,  and an upper  95% c o n f i d e n c e  l i m i t  (UCL) o f  12 p e r  m i l l i o n ,  

were de r i ved .  The o t h e r  cancer  r i s k  assessment was based on r a t  l u n g  tumor 

i n c i d e n c e ;  r i s k  e s t i m a t e s  d e r i v e d  f rom t h e s e  s t u d i e s  were h i g h e r  t h a n  t h e  

human-based e s t i m a t e s .  The DHS s t a f f  has de te rm ined  t h a t  t h e  p o s s i b l e  r o l e s  

o f  chance, b i a s  and con found ing  f a c t o r s  i n  d i s t o r t i n g  t h e  t r u e  dose-response 

r e l a t i o n s h i p  i n  t h e  o c c u p a t i o n a l  s t u d y  were l i k e l y  t o  have been sma l l .  

Because t h e  human d a t a  f o r  exposure and f o r  response were n o t  found  t o  have 

any m a j o r  d e f i c i e n c i e s ,  and because a  c o n s e r v a t i v e  l i n e a r  e x t r a p o l a t i o n  was 

used, DHS s t a f f  recommends r e l i a n c e  on t h e  human-based r i s k  assessment. 





RISK DUE TO ATMOSPHERIC CADMIUM 

The hazard  posed by  a tmospher i c  cadmium t o  r e s i d e n t s  o f  C a l i f o r n i a  was 

e s t i m a t e d  b y  a p p l y i n g  t h e  u n i t  r i s k  e s t i m a t e  t o  cadmium c o n c e n t r a t i o n s  

measured i n  t h e  s t a t e .  The upper-bound excess l i f e t i m e  cancer  r i s k  f rom 

e s t i m a t e d  a tmospher i c  c o n c e n t r a t i o n s . o f  cadmium i n  C a l i f o r n i a  has been 

e s t i m a t e d  t o  be 30 p e r  m i l l i o n .  F o r  peop le  n e a r  e m i s s i o n  sources o f  cadmium, 

t h e  upper-bound e s t i m a t e d  excess l i f e t i m e  cancer  r i s k  f rom 24-hour-per-day 

3 
exposure t o  an average o f  40 nglm o f  cadmium i s  480 p e r  m i l l i o n  persons 

exposed. These a r e  h e a l t h - c o n s e r v a t i v e  e s t i m a t e s ;  t h e  a c t u a l  r i s k s  may l i e  

below t h e s e  values.  

Exposures t o  cadmium v i a  r o u t e s  o t h e r  t h a n  i n h a l a t i o n  o f  ambient  a i r  were 

n o t  c o n s i d e r e d  i n  t h e  r i s k  assessment. 'The m a j o r  nonoccupa t iona l  exposures t o  

cadmium a r e  th rough  food and smoking. W h i l e  t h e  b u l k  o f  human i n t a k e  i s  v i a  

f o o d  i n g e s t i o n ,  t h i s  r o u t e  o f  exposure has n o t  been a s s o c i a t e d  w i t h  an 

i n c r e a s e d  r i s k  o f  cancer  e i t h e r  i n  humans o r  i n  e x p e r i m e n t a l  an imals .  

DHS s t a f f  emphasizes t h a t  t h e  r i s k  e s t i m a t e s  d e r i v e d  i n  c o n d u c t i n g  a  r i s k  

assessment a r e  n o t  e x a c t  p r e d i c t i o n s ,  b u t  r a t h e r  r e p r e s e n t  b e s t  e s t i m a t e s  

based on c u r r e n t  s c i e n t i f i c  knowledge and methods. 

Eiaied on t h e  f i n d i n g s  o f  cadmium-induced c a r c i n o g e n i c i t y  and t h e  r e s u l t s  

o f  t h e  r i s k  assessment, DHS s t a f f  f i n d s  t h a t  ambient  cadmium i s  an a i r  

p o l l u t a n t  wh ich may cause o r  c o n t r i b u t e  t o  a n  i n c r e a s e  i n  m o r t a l i t y  o r  an 

i n c r e a s e  i n  s e r i o u s  i l l n e s s ,  o r  wh ich  may pose' a  p r e s e n t  o r  p o t e n t i a l  hazard  

t o  human h e a l t h .  

SUMMARY OF ENVIRONMENTAL IMPACTS OF THE IDENTIFICATION OF CADMIUM AS A  TOXIC 

AIR CONTAMINANT 

The i d e n t i f i c a t i o n  o f  cadmium as  a t o x i c  a i r  con taminan t  i s  n o t  i n  i t s e l f  

@ expected t o  r e s u l t  i n  any env i ronmenta l  e f f e c t s .  The i d e n t i f i c a t i o n  o f  



cadmium as a t o x i c  a i r  contaminant by t h e  Board may r e s u l t  i n  the  Board and 

a i r  p o l l u t i o n  con t ro l  d i s t r i c t s  adopt ing t o x i c  c o n t r o l  measures i n  accordance 

w i t h  the  p rov i s ions  of s t a t e  law. Any such t o x i c  c o n t r o l  measures may r e s u l t  

I n  reduced emissions o f  cadmium t o  the  atmosphere, r e s u l t i n g  i n  reduced 

ambient concentrat ions,  concurrent1 y reducing the  hegl t h  r i s k  due t o  cadmium. 

Therefore, t h e  i d e n t i f i c a t i o n  o f  cadmium as a t o x i c  a i r  contaminant may 

u l t i m a t e l y  r e s u l t  i n  environmental benef i ts .  Environmental impacts i d e n t i f i e d  

w i t h  respect  t o  s p e c i f i c  c o n t r o l  measures w i l l  be inc luded i n  the  

cons idera t ion  o f  such c o n t r o l  measures pursuant t o  Hea l th  and Sa fe ty  Code 

Sect ions 39665 and 39666. 



Amend T i t l e  17, C a l i f o r n i a  Admin i s t ra t i ve  Code, Sec t ion  93000 t o  read as 
fo l l ows :  

93000. Substances I d e n t i f i e d  As Toxic  A i r  Contaminants. Each substance 
i d e n t i f i e d  i n  t h i s  s e c t i o n  has been determined by  the  s t a t e  board t o  be a  
t o x i c  a i r  contaminant as de f i ned  i n  Hea l th  and Sa fe t y  Code Sec t ion  39655. I f  
the  s t a t e  board has found the re  t o  be a  t h resho ld  exposure l e v e l  below which 
no s i g n i f i c a n t  adverse h e a l t h  e f f e c t s  a re  a n t i c i p a t e d  from exposure t o  t he  
i d e n t i f i e d  substance, t h a t  l e v e l  i s  s p e c i f i e d  as the  th resho ld  determinat ion.  
I f  t h e  board has found t h e r e  t o  be no th resho ld  exposure l e v e l  below which no 
s i g n i f i c a n t  adverse h e a l t h  e f f e c t s  a re  a n t i c i p a t e d  from exposure t o  t he  
i d e n t i f i e d  substance, de termina t ion  o f  "no th resho ld"  i s  spec i f i ed .  I f  the  
board has found t h a t  t he re  i s  no t  s u f f i c i e n t  a v a i l a b l e  s c i e n t i f i c  evidence t o  
suppor t  t h e  i d e n t i f i c a t i o n  o f  a  t h resho ld  exposure l e v e l ,  t he  "Threshold" 
column s p e c i f i e s  "None i d e n t i f i e d . "  

Substance Threshold 

Benzene (CgHg) None i d e n t i f i e d  

Ethy lene D i  bromide None i d e n t i f i e d  

Ethy lene D i c h l o r i d e  None i d e n t i f i e d  

Hexavalent Chromium, Cr(V1) None i d e n t i f i e d  

Asbestos [asbes t i fo rm v a r i e t i e s  None i d e n t i f i e d  
o f  serpent ine  ( c h r y s o t i l e )  
r i e b e c k i t e  ( c r o c i d o l  i t e )  
cummingtoni te-gruner i te  
(amosi t e ) ,  t remol i t e ,  
a c t i n o l i t e ,  and 
an thophy l l  i t e l *  

Dibenzo-p-dioxins and None i d e n t i f i e d  
D i  benzofurans c h l o r i n a t e d  

i n  t he  2,3,7 and 8 p o s i t i o n s  
and con ta in ing  4,5,6 o r  7  
c h l p r i n e  atoms* 

Cadmium None i d e n t i f i e d  



NOTE: A u t h o r i t y  c i t e d :  S e c t i o n s  39600, 39601 and 39662, H e a l t h  and S a f e t y  
Code. Reference:  Sect ions.39650,  39660, 39661 and 39662, H e a l t h  and S a f e t y  
Code. 

*Note: Compounds i d e n t i f i e d  by  an a s t e r i s k  have been i d e n t i f i e d  as t o x i c  a i r  
con taminan ts  b y  t h e  A i r  Resources Board b u t  n o t  y e t  approved b y  t h e  O f f i c e  o f  
A d m i n i s t r a t i v e  Law. 



N o t i c e  o f  P u b l i c  A v a i l a b i l i t y  o f  M o d i f i e d  T e x t  

P u b l i c  Hear ing  t o  Cons ider  t h e  Adop t ion  o f  a  R e g u l a t o r y  Amendment 
I d e n t i f y i n g  M e t a l l i c  Cadmium and Cadmium Compounds as T o x i c  Air 
Contaminants 

P u b l i c  H e a r i n g  Date: January  23, 1987 
P u b l i c  A v a i l a b i l i t y  Date:  February  9, 1987 

A t  a  January  23, 1987 pub1 i c  h e a r i n g ,  t h e  A i r  Resources Board ("ARB" 
o r  t h e  "Board" )  c o n s i d e r e d  t h e  a d o p t i o n  o f  a  proposed r e g u l a t o r y  amendment 
t o  l i s t  cadmium as a  t o x i c  a i r  con taminan t  f o r  wh ich  t h e r e  i s  n o t  
s u f f i c i e n t  a v a i l a b l e  s c i e n t i f i c  ev idence  t o  s u p p o r t  t h e  i d e n t i f i c a t i o n  o f  
a  t h r e s h o l d  exposure l e v e l .  A t  t h e  h e a r i n g  t h e  Board approved t h e  
proposed amendment w i t h  m o d i f i c a t i o n s  t o  t h e  o r i g i n a l l y  proposed t e x t .  
The m o d i f i c a t i o n  t o  t h e  o r i g i n a l l y  proposed t e x t  i s  d e s c r i b e d  below. 
A t tached  i s  a  copy o f  Board R e s o l u t i o n  87-9 a p p r o v i n g  t h e  proposed 
amendments w i t h  m o d i f i c a t i o n s .  A t t a c h e d  t o  t h e  r e s o l u t i o n  i s  t h e  approved 
language, w i t h  a d d i t i o n s  t o  t h e  o r i g i n a l  p roposa l  shown by  doub le  
u n d e r l i n i n g .  The unchanged p o r t i o n  o f  t h e  o r i g i n a l  p roposa l  i s  shown by a  
s i n g l e  under1 ine.  

The o r i g i n a l l y  proposed t e x t  l i s t e d  "cadmium1' as a  t o x i c  a i r  
contaminant .  A i r b o r n e  cadmium i s  g e n e r a l l y  unders tood  t o  mean b o t h  
a i r b o r n e  m e t a l l i c  cadmium and a i r b o r n e  cadmium compounds. F u r t h e r ,  t h e  
a n a l y s i s  i n  t h e  s t a f f  r e p o r t  t o  t h e  A i r  Resources Board a p p l i e s  t o  b o t h  
m e t a l l i c  cadmium and cadmium compounds. S t a f f  be1 i e v e s  t h a t  t h e  t e r m  
cadmium r e f e r s  t o  b o t h  forms o f  cadmium, b u t  dec ided  t h a t  t h e  l i s t i n g  o f  
cadmium i n  t h e  r e g u l a t i o n  shou ld  be made e x p l i c i t  i n  o r d e r  t o  a v o i d  any 
c o n f u s i o n  as t o  t h e  scope o f  t h e  Board ' s  a c t i o n .  The Board approved t h e  
s t a f f ' s  m o d i f i e d  recommendation t o  i n c l u d e  " m e t a l l i c  cadmium and cadmium 
compounds'' i n  parentheses a f t e r  "cadmium." 

I n  accordance w i t h  S e c t i o n  11346.8 o f  t h e  Government Code, t h e  Board 
d i r e c t e d  t h e  E x e c u t i v e  O f f i c e r  t o  a d o p t  t h e  approved r e g u l a t o r y  amendments 
a f t e r  making them a v a i l a b l e  t o  t h e  p u b l i c  f o r  comment r e g a r d i n g  t h e  
changes t o  t h e  r e g u l a t i o n  as o r i g i n a l l y  proposed f o r  a  p e r i o d  o f  a t  l e a s t  
15  days p r o v i d e d  t h a t  t h e  E x e c u t i v e  O f f i c e r  s h a l l  c o n s i d e r  w r i t t e n  
comments r e c e i v e d  and make m inor  m o d i f i c a t i o n s  t o  t h e  language as 
a p p r o p r i a t e  i n  response t o  comments, and s h a l l  p r e s e n t  t h e  r e g u l a t i o n s  t o  
t h e  Board f o r  f u r t h e r  c o n s i d e r a t i o n  i f  he de te rm ines  t h a t  t h i s  i s  
war ran ted  i n  l i g h t  o f  t h e  w r i t t e n  comments rece ived .  Only  comments 
c o n c e r n i n g  t h e  m o d i f i e d  d e f i n i t i o n  o f  cadmium w i l l  be c o n s i d e r e d  d u r i n g  
t h i s  comment per iod.  

Comments must be s u b m i t t e d  t o  t h e  Board S e c r e t a r y ,  A i r  Resources 
Board, P. 0. Box 2815, Sacramento, C A  95812, no l a t e r  t h a n  
March 2, 1987 f o r  c o n s i d e r a t i o n  by  t h e  E x e c u t i v e  O f f i c e r .  





Sta te  of California 
AIR RESOURCES BOARD 

Resolution 87-9 

January 23, 1987 8 

Agenda Item No.: 87-2-1 

WHEREAS, Sections 39600 and 39601 of the Health and Safety -Code authorize th'e 
Air Resources Board (the "Board") to  do such ac t s  and t o  adopt such 
regulations as  may be necessary f o r  the proper execution of the  powers and 
dut ies  granted t o ,  and imposed upon, the Board by law; 

WHEREAS, Chapter 3.5 (commencing w i t h  Section 39650) of Part 2 of Division 26 
of the Health and Safety Code establ ishes  procedures f o r  the  iden t i f ica t ion  
of toxic  a i r  contaminants by the Board; 

WHEREAS, Section 39655 of the  Health and Safety Code defines a "toxic a i r  
contaminant" as  an a i r  pol lutant  which may cause or contribute to  an increase 
in mortal i ty  o r  an increase in  serious i l l n e s s ,  o r  which may pose a present 
or  potential  hazard t o  human health;  

WHEREAS,  Section 39662 of the  Health and Safety Code d i r e c t s  the  Board to  
l i s t ,  by regulat ion,  substances determined t o  be toxic  a i r  contaminants, and 

6 t o  specify for  each substance l i s t e d  a threshold exposure l eve l ,  i f  any, 
below which no s ign i f i can t  adverse health e f f e c t s  a r e  an t ic ipa ted ;  

WHEREAS, i n  Cal i fornia ,  cadmium (metall ic cadmium and cadmium compounds, 
hereinaf ter  "cadmium") i s  emitted from ce r t a in  indus t r ia l  processes such as  
secondary smelting operations,  cement manufacturing, and combustion of foss i l  
f ue l s ,  and has been measured i n  the  atmosphere; 

W H E R E A S ,  pursuant to  the  request of the Board, the Department of Health 
Services (DHS) evaluated the health e f f ec t s  of cadmium in accordance with 
Section 39660 of the  Health and Safety Code; 

WHEREAS, DHS concluded i n  i t s  evaluation t h a t  cadmium is an animal carcinogen 
with epidemiological evidence of carcinogenicity i n  humans; cadmium should be 
t reated as a substance w i t h o u t  a carcinogenic threshold; health e f fec t s  other 
than cancer a r e  not expected t o  occur a t  ex is t ing  o r  expected ambient levels  
of cadmium; and the maximum excess l i fe t ime cancer r i sk  from cadmium exposure 
i s  estimated t o  range from 2 t o  12 cases per million people exposed per 
nanogram per cubic meter; 



NHEREAS, f o r  t h e  reasons s e t  f o r t h  i n  i t s  e v a l u a t i o n ,  DHS has concluded t h a t ,  
in  t h e  absence of  s t r o n g  p o s i t i v e  e v i d e n c e  t h a t  cadmium a c t s  only  through 
mechanisms which ought t o  have a t h r e s h o l d ,  cadmium should be , t r ea t ed  a s  
a c t i n g  wi thout  a t h r e s h o l d ,  and DHS has determined t h a t  t h e r e  i s  not  
s u f f i c i e n t  a v a i l a b l e  s c i e n t i f i c  evidence a t  t h i s  t ime t o  suppor t  t h e  
i d e n t i f i c a t i o n  of a cadmium exposure l e v e l  below which carc inogenic  e f f e c t s  
would not  have some p r o b a b i l i t y  o f  occur r ing ;  

WHEREAS, upon r e c e i p t  of  t h e  DHS e v a l u a t i o n ,  s t a f f  o f  t h e  Board prepared a 
r e p o r t  i nc lud ing  and i n  cons ide ra t ion  o f  t h e  DHS eva lua t ion  and 
recommendations and i n  the form requ i red  by Sec t ion  39661 o f  t h e  Health and 
S a f e t y  Code and,  i n  accordance wi th  t h e  p rov i s ions  o f  t h a t  s e c t i o n ,  made t h e  
r e p o r t  a v a i l a b l e  t o  t h e  pub l i c  and submtt ted it f o r  review t o  t h e  S c i e n t i f i c  
Review Panel (SRP) e s t a b l i s h e d  pursuant  t o  Sec t ion  39670 o f  t h e  Health and 
S a f e t y  Code; 

WHEREAS, i n  accordance w i t h  Sec t ion  39661 of t h e  Heal th and S a f e t y  Code, t h e  
SRP reviewed t h e  s t a f f  r e p o r t ,  i nc lud ing  t h e  s c i e n t i f i c  procedures and methods 
used t o  suppor t  t h e  da ta  i n  t h e  r e p o r t ,  t h e  da ta  i t s e l f ,  and t h e  conclusions 
and assessments  on which t h e  r e p o r t  was based, cons idered  t h e  publ ic  comments 
received regarding t h e  r e p o r t ,  and on October  30, 1986, adopted f o r  submit ta l  
t o  t h e  Board f i n d i n g s  which included the fol lowing:  

"1. Cadmium i s  an animal carcinogen f o r  which t h e r e  i s  epidemiologic 
evidence o f  c a r c i n o g e n i c i t y  i n  humans exposed i n  occupat ional  
s e t t i n g s .  

" 2 .  Cadmium i s  emi t ted  i n t o  t h e  a i r  by a v a r i e t y  o f  sources i n  
C a l i f o r n i a ,  and i t s  presence has been documented i n  t h e  ambient 
a i r  around the s t a t e .  

The SRP notes  t h a t  t h e  sub-populat ion of  Ca l i fo rn ians  who smoke 
tobacco o r  b rea the  second-hand tobacco smoke w i l l  be exposed t o  
cadmium a t  concen t ra t ions  seve ra l  o r d e r s  o f  magnitude g r e a t e r  
than t h e  exposure of  t h e  general  populat ion.  

The SRP a l s o  wishes t o  emphasize t h a t  e s t ima tes  o f  cumulative 
exposure t o  cadmium should account  f o r  cadmium l e v e l s  i n  fndoor 
a i r  which, i n  t h e  absence o f  tobacco smoke, may be lower than 
those  i n  outdoor a i r .  

"3. Adverse h e a l t h  e f f e c t s  o t h e r  than cancer  a r e  not  expected t o  
occur  a t  measured o r  p red ic t ed  cadmium concen t ra t ions  i n  t h e  
ambient a i r .  

"4 .  Based on a v a i l a b l e  s c i e n t i f i c  informat ion ,  a cadmium exposure 
l e v e l  below which carc inogenic  e f f e c t s  a r e  not expected t o  occur 
cannot be i d e n t i f i e d .  



@ "5. Based on an in te rpre ta t ion  of avai lable  s c i e n t i f i c  evidence by 
DHS, the range of l i fe t ime excess cancer r i sk  from exposure t o  1 
ng/m3 o f  atmospheric cadmium based on the best estimate of r i sk  
and the upper 95% confidence l i m i t  is  estimated t o  be 2 t o  12 
cases per million people exposed; i t  i s  unl ikely t h a t  the  r i sk  
will exceed this range, and may be lower. 

"NOTE: DHS has assumed tha t  the carcinogenic dose response of cadmium 
i s  l i n e a r  and t h a t  dose r a t e  does not influence the magnitude of 
carcinogenic effects .  These assumptions a r e  j u s t i f i e d  by DHS on the 
basis of being health conservative. While the SRP understands the 
reasons f o r  t h i s ,  weighing of the ava i lab le  s c i e n t i f i c  evidence 
indicates  t h a t  the  upper bound of t he  low dose r i sk  estimate obtained 
by using these assumptions i s  l i k e l y  to  be high. The avai lable  data 
a r e  a lso consis tent  w i t h  the poss ib i l i t y  tha t  the r i sk  of lung cancer 
from current  ambient exposures to  cadmium in Califonia may be 
vanishingly small .I1 

WHEREAS, the SRP found the s t a f f  report  t o  be w i t h o u t  seriAus deficiency, and 
included i n  i t s  f indings the  statement t ha t  i t  agreed t h a t  cadmium should be 
l i s t e d  by the Air Resources Board as a toxic  a i r  contaminant, and tha t  there  
i s  not su f f i c i en t  ava i lab le  s c i e n t i f i c  evidence a t  t h i s  time to  support the 
designation of an exposure level below which carcinogenic e f f e c t s  would not 
have some probabl i l i ty  of occurring; 

@HEREAS, the California Environmental Qual i ty  Act and Board regulations 
require t ha t  no project  having s ign i f i can t  adverse environmental impacts be 
adopted as o r ig ina l ly  proposed i f  feas ib le  a l te rna t ives  or  mitigation measures 
are  avai lable;  

WHEREAS, a public hearing and other  administrative proceedings have been held 
i n  accordance w i t h  provisions of Chapter 3.5 (commencing w i t h  Section 11340), 
Part 1 ,  Division 3, T i t l e  2 of the Government Code; 

WHEREAS, in consideration of the s t a f f  report ,  including DHS' evaluation and 
recommendations, the  avai lable  evidence, the findings of the SRP, and the 
writ ten comments and public testimony i t  has received, the Board finds t ha t :  

Cadmium i s  an animal carcinogen with epidemiological evidence 
of carcinogenicity i n  humans ; 

Health e f f ec t s  other  than cancer a r e  not ant ic ipated a t  
exis t ing ambient cadmium exposure l eve l s ;  

There i s  not su f f i c i en t  avai lable  s c i e n t i f i c  evidence t o  support 
the  iden t i f ica t ion  of a threshold exposure level f o r  cadmium; and 



Cadmium i s  an a i r  po l l u ta r :  which, because o f  i t s  c a r c i n o g e n i c i t y ,  
'may cause o r  c o n t r i b u t e  t o  an i nc rease  i n  m o r t a l i t y  and an increase 
i n  s e r i o u s  i l l n e s s ,  and poses a  hazard t o  human hea l th ;  and 

WHEREAS, t h e  Board has determined, pursuant t o  t h e  requirements o f  t h e  
C a l i f o r n i a  Environmental Q u a l i t y  Act  and Board regu la t i ons ,  t h a t  t h i s  
r e g u l a t o r y  a c t i o n  w i l l  have no s i g n i f i c a n t  adverse impact  on the  environment. 

NOW, THEREFORE BE I T  RESOLVED, t h a t  t h e  Board approves t h e  proposed r e g u l a t o r y  
amendments t o  Sec t i on  93000, T i t l e  17, C a l i f o r n i a  Admin i s t ra t i ve  Code, as s e t  
f o r t h  i n  Attachment A. 

BE  I T  FURTHER RESOLVED t h a t  t h e  Board d i r e c t s  t h e  Execut ive O f f i c e r  t o  adopt 
t h e  amendments, as s e t  f o r t h  i n  Attachment A,  a f t e r  making i t  a v a i l a b l e  t o  t h e  
p u b l i c  f o r  a  p e r i o d  o f  15 days, prov ided t h a t  t h e  Execut ive O f f i c e r  s h a l l  
cons ide r  such w r i t t e n  comments regard ing  the  changes i n  the  r e g u l a t i o n s  as 
o r i g i n a l l y  proposed as may be submit ted d u r i n g  t h i s  per iod ,  s h a l l  make such 
m o d i f i c a t i o n s  as may be app rop r ia te  i n  l l g h t  o f  the  comments received,  and 
s h a l l  present  t h e  r e g u l a t i o n s  t o  the  Board f o r  f u r t h e r  consr 'derat ion i f  he 
determines t h a t  t h i s  i s  warranted. 

I hereby c e r t i f y  t h a t  the  above i s  a  t r u e  
and c o r r e c t  copy o f  Reso lu t i on  87-9, as 
adopted by t h e  A i r  Resources Board. 



Attachment A 

Amend T i t l e  17 ,  C a l i f o r n i a  Adminis t ra t ive  Code, Sec t ion  93000 t o  read 
a s  fol lows:  

93000. Substances I d e n t i f i e d  As Toxic Air Contaminants. Each 
subs tance  i d e n t i f i e d  i n  t h i s  s e c t i o n  has been determined by t h e  s t a t e  board t o  
be a t o x i c  a i r  contaminant a s  def ined  in Heal th and S a f e t y  Code Sect ion  
39655. I f  t h e  s t a t e  board has found t h e r e  t o  be a th re sho ld  exposure l e v e l  
below which no s i g n i f i c a n t  adverse  h e a l t h  e f f e c t s  a r e  a n t i c i p a t e d  from 
exposure t o  t h e  i d e n t i f i e d  subs tance ,  t h a t  l eve l  fs s p e c i f i e d  a s  t h e  th re sho ld  
de terminat ion .  I f  t h e  board has found t h e r e  t o  be no th re sho ld  exposure leve l  
below which no s i g n i f i c a n t  adverse  h e a l t h  e f f e c t s  a r e  a n t i c i p a t e d  from 
exposure t o  t h e  i d e n t i f i e d  subs tance ,  de terminat ion  of  "no th re sho ldu  i s  
s p e c i f i e d .  I f  t h e  board has found t h a t  t h e r e  i s  not  s u f f i c i e n t  a v a i l a b l e  
s c i e n t i f i c  evidence t o  suppor t  t h e  i d e n t i f i c a t i o n  of  a threshold  exposure 
l e v e l ,  the "Threshold" column s p e c i f i e s  "None i d e n t i f i e d . "  

Substance 

Benzene (CgHg) 

Threshold 

None i d e n t i f i e b  

EfAylene D i  bromide 
(BrCH2CH2Br; 

1,2-di  bromoethane) 

None i d e n t i f i e d  

None i d e n t i f i e d  

Hexavalent Chromium, Cr(V1) None i d e n t i f i e d  

Asbestos [asbes t l form v a r i e t i e s  None i d e n t i f i e d  
of s e r p e n t i n e  ( c h r y s o t i l e )  
r i e b e c k i t e  ( c r o c i d o l i t e )  
cummingtoni t e -g rune r i  t e  
(amosi te)  , tremol i t e ,  
a c t i n o l i t e ,  and 
anthophyll  i t e l  

Dibenzo-p-dioxi ns and None i d e n t i f i e d  
Dibenzofurans c h l o r i n a t e d  

i n  t h e  2 ,3 ,7  and 8 pos i t i ons  
and con ta in ing  4.5,6 o r  7 
c h l o r i n e  atoms* 

Cadmium ( m e t a l l i c  cadmium 
a n d d m i  urn com~ounas I None i d e n t i f i e d  

NOTE: Author i ty  c i t e d :  Sec t ions  39600, 39601 and 39662, Health and S a f e t y  
Code. Reference: Sec t ions  39650. 39660. 39661 and 39662, Health and Sa fe ty  



*Note: Compounds i d e n t i f i e d  b y  an a s t e r i s k  have been i d e n t i f i e d  as t o x i c  a i r  
contaminants by t he  A l r  Resources Board bu t  n o t  y e t  approved by t he  O f f i c e  o f  @ 
A d m i n i s t r a t i v e  Law. 



S C I E N T I F I C  REVIEW PANEL F I N D I N G S  ON 
THE REPORT TO THE A I R  RESOURCES BOARD ON CADMIUM 





NOV. 1 4  1986 

Findings of the Scientific Review Panel on 
the Report on Cadmium 

as adopted at the Panel's October 30, 1986 meeting 

In accordance with the provisions of Health and Safety Code 
Section 39661, the Scientific Review Panel (SRP) has reviewed the 
reports of the staffs of the ARB and DHS on the public exposure 
and biologic and health effects of cadmium, and the public 
comments on these reports. Based on this review, the SRP finds 
that the reports are without serious deficiency and further finds 
that: 

1. Cadmium is an animal carcinogen for which there is 
epidemiologic evidence of carcinogenicity in humans exposed 
in occupational settings. 

2. Cadmium is emitted into the air by a variety of sources in 
California, and its presence has been documented in the 
ambient air around the state. . - .. 
The SRP notes that the sub-population of Californians who 
smoke tobacco or breathe second-hand tobacco smoke will be 
exposed to cadmium at concentrations several orders of 

. . 
magnitude greater than- the exposure of the general 
population. . 
The SRP also wishes to emphasize that estimates of 
cumulative exposure to cadmium should aqcount for cadmium 
levels in indoor air which, J.n the absence of tobacco smoke, 
may be lower than those in outdoor air. 

3. Adverse health effects other than cancer are not expected to 
occur at measured or predicted cadmium concentrations in the 
ambient air. 

4. Based on availzble scientific information, a cadmium 
exposure level below which carcinogenic effects are not 
-expected to occur cannot be identified. 

5. Based on an interpretation of available scientific evidence 
by DHS, the range of lifetime excess cancer risk from 
exposure to 1 ng/m3 of atmospheric cadmium based on the best 
estimate of risk and the upper 95% confidence limit is 
estimatedtobe 2 to12 cases per million people exposed; it 
is unlikely that the risk will exceed this range, and may be 
lower. 



NOTE: DHS has assumed that the carcinogenic dose response 
of cadmium is linear and that dose rate does not influence 
the magnitude of carcinogenic effects. These assumptions 
are justified by DHS on .the basis of being health 
conservative. While the SRP understands the reasons for 
this, weighing of the available scientific evidence - 
indicates that the upper bound of the low dose risk estimate 
obtained by using these assumptions is likely to be high. 
The available data are also consistent with the possibility 
that the risk of lung cancer from current ambient exposures 
to cadmium in California may be vanishingly small. 

For these reasons, we agree with the ARB staff reconunendation to 
its Board that cadmium be listed by the ARB as a toxic air 
contaminant, and we agree there is not sufficient available 

' scientific evidence at this time to support the designation of an 
exposure level below which carcinogenic effects would not have 
some probability of occurring. 

I certify that the above is a 
true and correct copy of the 
findings adopted by the 
Scientific Review Panel on 
October '30;' 1986 / 

Scientific ~eview Panel . 
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OVERVIEW AND RECOMMENDATION 

I. SUMMARY AND RECOMMENDATION 

The s t a f f s  o f  t h e  A i r  Resources Board and Department o f  H e a l t h  S e r v i c e s  

c o l l e c t e d ,  assessed and i n t e g r a t e d  t h e  a v a i l a b l e  s c i e n t i f i c  ev idence  on t h e  

presence o f  cadmium i n  t h e  atmosphere o f  C a l i f o r n i a  and i t s  p o t e n t i a l  adverse 

e f f e c t  on p u b l i c  h e a l t h .  T h i s  i s  a  summary o f  t h e  i n f o r m a t i o n  p resen ted  i n  

t h e  r e s u l t i n g  r e p o r t .  

S t a t e  l a w  d e f i n e s  a  t o x i c  a i r  c o n t a m i n a n t  as an a i r  p o l l u t a n t  wh ich  t h e  

A i r  Resources Board o r  t h e  Department o f  Food and A g r i c u l t u r e  f i n d s  "may cause 

o r  c o n t r i b u t e  t o  an i n c r e a s e  i n  m o r t a l i t y  o r  an i n c r e a s e  i n  s e r i o u s  i l l n e s s ,  

o r  wh ich  may pose a  p r e s e n t  o r  p o t e n t i a l  hazard t o  human h e a l t h " .  Based on 

t h e  Department o f  H e a l t h  S e r v i c e s  s t a f f  c o n c l u s i o n  t h a t  cadmium meets t h i s  

d e f i n i t i o n ,  t h e  s t a f f  o f  t h e  A i r  Resources Board recommends t h a t  cadmium be 

i d e n t i f i e d  b y  t h e  Board as a  t o x i c  a i r  contaminant .  I n  making t h i s  

recommendation, t h e  ARB s t a f f  i s  u n a b l e  t o ,  based on a v a i l a b l e  s c i e n t i f i c  

i n f o r m a t i o n ,  i d e n t i f y  a  l e v e l  below w h i c h  adverse h e a l t h  e f f e c t s  a r e  n o t  

a n t i c i p a t e d  t o  occur ,  and i s  t h e r e f o r e  u n a b l e  t o  recommend a  t h r e s h o l d  l e v e l .  

Cadmium was chosen f o r  e v a l u a t i o n  because: i t  had been i d e n t i f i e d  by  t h e  

I n t e r n a t i o n a l  Agency f o r  Research on  Cancer (IARC) as an an imal  c a r c i n o g e n  

w i t h  e p i d e m i o l o g i c a l  ev idence  o f  c a r c i n o g e n i c i t y  i n  humans; i t s  presence i n  

t h e  atmosphere had been documented; i t  i s  e m i t t e d  f r o m  many sources  i n  t h e  

s t a t e ,  and may be e m i t t e d  i n  i n c r e a s e d  amounts i n  t h e  f u t u r e .  

Cadmium i s  e m i t t e d  f r o m  b o t h  s t a t i o n a r y  and m o b i l e  sources.  S t a t i o n a r y  

sources wh ich  a r e  l i k e l y  t o  e m i t  cadmium i n c l u d e  secondary  s m e l t e r s ,  cement 

m a n u f a c t u r i n g  p l a n t s ,  cadmium e l e c t r o p l a t i n g  f a c i l i t i e s ,  p l a n t s  b u r n i n g  o i l  o r  



c o a l ,  and sewage s ludge  i n c i n e r a t o r s .  M o b i l e  sources which e m i t  cadmium 

i n c l u d e  g a s o l i n e  and d i e s e l  v e h i c l e s  and p a r t i c l e s  r e s u l t i n g  f r o m  t i r e  wear. 

An emiss ions  i n v e n t o r y  comp i led  by  ARB s t a f f  i n d i c a t e s  t h a t  a  t o t a l  o f  f rom 16 

t o  1 8  t o n s / y e a r  o f  cadmium a r e  e m i t t e d  i n  C a l i f o r n i a ;  s t a t i o n a r y  sources 

accoun t  f o r  e i g h t y  p e r c e n t  o r  more o f  cadmium emiss ions.  Cadmium emiss ions  

f r o m  f o s s i l  f u e l  combust ion and f rom v e h i c l e s  a r e  p r o j e c t e d  t o  i n c r e a s e  due t o  

expec ted  i n c r e a s e s  i n  f u e l  consumption. 

A v a i l a b l e  ev idence  suggests  t h a t  cadmium f rom c e r t a i n  combust ion sources 

undergoes a tmospher i c  r e a c t i o n s  wh ich  l e a d  t o  i n c r e a s e s  i n  t h e  wa te r  

s o l u b i l i t y  of t h e  e m i t t e d  cadmium. Other  r e a c t i o n s  such as t h e  f o r m a t i o n  o f  

c a r b o n a t e  s a l t s  f rom cadmium o x i d e  may a l s o  occur .  

Cadmium i s  removed f rom t h e  atmosphere t h r o u g h  p h y s i c a l  processes.  B o t h  

w e t  and d r y  d e p o s i t i o n  have been judged t o  be s i g n i f i c a n t .  A  number o f  

d e p o s i t i o n  models have been proposed f o r  a tmospher i c  p a r t i c l e s ,  and a  w ide  

range  o f  cadmium d e p o s i t i o n  v e l o c i t i e s  has been measured o r  p r e d i c t e d .  

General  p o p u l a t i o n  exposure t o  a tmospher i c  cadmium was e s t i m a t e d  u s i n g  

d a t a  on cadmium c o n c e n t r a t i o n s  t h r o u g h o u t  t h e  s t a t e  de te rm ined  f o r  t h e  f i r s t  

s i x  months o f  1985. Review o f  o t h e r  data ,  b o t h  f rom C a l i f o r n i a  and elsewhere,  

suggests  t h a t  c o n c e n t r a t i o n  averages c a l c u l a t e d  u s i n g  d a t a  f rom t h e  f i r s t  s i x  

months o f  t h e  y e a r  a r e  r e a s o n a b l y  r e p r e s e n t a t i v e  o f  annual  averages. Data 

f r o m  21 s i t e s  i n  s i x  a i r  b a s i n s  were used t o  c a l c u l a t e  p o p u l a t i o n - w e i g h t e d  

e s t i m a t e s  o f  exposure. We e s t i m a t e  t h a t  1 0  m i l l i o n  peop le  a r e  exposed t o  an 

average cadmium c o n c e n t r a t i o n  o f  between 1.0 and 2.5 ng/m3, o f  wh ich  one 

m i l l  i o n  peop le  a r e  exposed t o  an average cadmium cone-entration o f  between 1.8 

3 and 5.6 ng/m . 
N e i t h e r  s i z e  d i s t r i b u t i o n  n o r  t h e  compound forms o f  cadmium were 

de te rm ined  i n  t h e  ARB'S measurements. Work done by  o t h e r s  on t h e  s i z e  



d i s t r i b u t i o n  o f  a tmospher i c  cadmium i n d i c a t e s  t h a t  a tmospher i c  cadmium occurs  

p r i n c i p a l l y  on t h e  s u r f a c e  o f  r e s p i r a b l e  p a r t i c l e s  ( t h o s e  l e s s  t h a n  2.5 um i n  

d iameter ) .  An average mass median d i a m e t e r  o f  0.84 um has been c a l c u l a t e d  f o r  

a tmospher i c  cadmium f rom ambient  a i r  measurements i n c l u d i n g  d a t a  f rom an urban 

s i t e  i n  C a l i f o r n i a .  A l though  t h e  compound forms o f  a tmospher i c  cadmium have 

n o t  been determined,  i t  i s  known t h a t  a tmospher i c  cadmium ( i n  C a l i f o r n i a  and 

e l sewhere )  i s  60-80 p e r c e n t  w a t e r  s o l u b l e .  Based on t h e  p o s s i b l e  compounds 

t h a t  c o u l d  be p r e s e n t ,  we conc lude  t h a t  mos t  a tmospher i c  cadmium e x i s t s  as  t h e  

s o l u b l e  s u l f a t e  form, w i t h  t h e  i n s o l u b l e  o x i d e  and ca rbona te  s a l t s  c o m p r i s i n g  

t h e  r e s t .  

To e s t i m a t e  exposure t o  a tmospher i c  cadmium n e a r  sources,  ARB s t a f f  used 

an a i r  q u a l i t y  model t o  c a l c u l a t e  t h e  amb ien t  c o n c e n t r a t i o n  o f  a tmospher i c  

cadmium due t o  emiss ions  f r o m  t h r e e  secondary  copper s m e l t e r s  i n  t h e  South  

Coast  A i r  Basin.  These emiss ions  were e s t i m a t e d  t o  r e s u l t  i n  annual  average 

3 0 exposure t o  a tmospher i c  cadmium o f  up t o  40  ng/m f o r  a  p o p u l a t l o n  o f  17,000 

and u p  t o  14 ng/m3 f o r  a  p o p u l a t i o n  o f  285,000. 

C o n c e n t r a t i o n s  o f  cadmium measured i n  t h e  atmosphere a r e  much l o w e r  t h a n  

t h o s e  wh ich  a r e  a s s o c i a t e d  w i t h  c h r o n i c  adverse  h e a l t h  e f f e c t s  i n  o c c u p a t i o n a l  

set t i 'ngs o r  w h i c h  have produced a c u t e  e f f e c t s  i n  an imal  exper iments .  Because 

o f  t h i s ,  and because cadmium i s  t h o u g h t  t o  e x h i b i t  a  t h r e s h o l d  e f f e c t  f o r  

non-cancer  h e a l t h  e f f e c t s ,  we do n o t  e x p e c t  adverse h e a l t h  e f f e c t s  o t h e r  t h a n  

cancer  t o  occur  due t o  i n h a l a t i o n  o f  cadmium a t  c u r r e n t  o r  a n t i c i p a t e d  

atmospheric.concentrations. - -  

Two s e p a r a t e  cancer  r i s k  assessments were developed, b o t h  o f  wh ich 

assumed t h a t  cadmium's c a r c i n o g e n i c i t y  o p e r a t e s  t h r o u g h  a  n o n t h r e s h o l d  
I 

mechanism. One was based on a  m o r t a l i t y  s t u d y  o f  worke rs  i n  a  cadmium 



p r o d u c t i o n  p l a n t .  A d i r e c t  l i n e a r  model t h a t  i n c o r p o r a t e d  an a d j u s t m e n t  f o r  

t h e  ' ' h e a l t h y  worke r  e f f e c t ' '  was f i t t e d  t o  t h e  exposure d a t a  and c o r r e s p o n d i n g  

s t a n d a r d i z e d  m o r t a l i t y  r a t i o s  f o r  r e s p i r a t o r y  cancer. For  exposure t o  1 

3  ng/m cadmiurn, a  b e s t  e s t i m a t e  o f  excess l i f e t i m e  cancer  r i s k  o f  2 p e r  

m i l l i o n  and an upper  95% c o n f i d e n c e  l i m i t  (UCL) o f  12 p e r  m i l l i o n ,  were 

d e r i v e d .  The o t h e r  cancer  r i s k  assessment was based on r a t  l u n g  tumor 

i n c i d e n c e  i n  a  31-month i n h a l a t i o n  b i o a s s a y  o f  s o l u b l e  cadmium c h l o r i d e  

a e r o s o l .  A p p l i c a t i o n  o f  t h e  m u l t i s t a g e  model t o  t h e s e  data  y i e l d e d  excess 

l i f e t i m e  cancer  r i s k  e s t i m a t e s  o f  110 p e r  m i l l i o n  (maximum l i k e l i h o o d  

e s t i m a t e )  and 100 p e r  m i l l i o n  (upper  95% c o n f i d e n c e  l i m i t )  f o r  exposure t o  1  

ng/m3 cadmium. 

C o n s i d e r i n g  t h e  degree o f  u n c e r t a i n t y  a s s o c i a t e d  w i t h  e x t r a p o l a t i o n  o f  

t h r e e  t o  f o u r  o r d e r s  o f  magni tude,  t h e  d i f f e r e n c e s  between t h e  two r i s k  

assessments a r e  r e l a t i v e l y  s m a l l .  N e v e r t h e l e s s ,  t h e  ranges o f  r i s k  p r o v i d e d  

b y  t h e s e  two sources o f  d a t a  do n o t  ove r lap .  Because t h e  human d a t a  f o r  

exposure and f o r  response were n o t  found  t o  have any m a j o r  d e f i c i e n c i e s ,  and 

because a  c o n s e r v a t i v e  l i n e a r  e x t r a p o l a t i o n  was used, DHS s t a f f  has de te rm ined  

t h a t  r e l i a n c e  on t h e  human-based r i s k  assessment i s  u n l i k e l y  t o  u n d e r e s t i m a t e  

r i s k .  The range  o f  recommended r i s k  e s t i m a t e s  i s  t h e r e f o r e  p r o v i d e d  b y  t h e  

human-based r i s k  assessment. T h e r e f o r e ,  t h e  excess l i f e t i m e  cancer  r i s k  used 

i n  t h i s  r e p o r t  i s  2  t o  12 p e r  m i l l i o n  persons exposed t h r o u g h o u t  t h e i r  l i v e s  

3  t o  one ng/m cadmium. 

Exposures t o  cadmium v i a  r o u t e s  o t h e r  t h a n  i n h a l a t i o n  o f  amb ien t  a i r  were 

n o t  c o n s i d e r e d  i n  t h i s  r i s k  assessment. The m a j o r  nonoccupa t iona l  exposure t o  

cadmium i s  t h r o u g h  food and smoking. I n t a k e  o f  cadmium f rom f o o d  and w a t e r  
I 

has been e s t i m a t e d  a t  39 ug/day. Wh i le  t h e  b u l k  o f  human i n t a k e  i s  v i a  



i n g e s t i o n ,  t h i s  r o u t e  has n o t  been a s s o c i a t e d  w i t h  an i n c r e a s e d  r i s k  o f  cancer  

e i t h e r  i n  humans o r  i n  e x p e r i m e n t a l  an imals .  Cadmium i n t a k e  f rom smoking 20 

c i g a r e t t e s  p e r  day has been e s t i m a t e d  a t  2 t o  4 uglday.  T y p i c a l  d a i l y  

exposure t o  cadmium f rom ambient  a i r  ( n o t  i n  c l o s e  p r o x i m i t y  t o  sources)  may 

range f rom l e s s  t h a n  0.02 u g l d a y  t o  0.10 ug lday.  Occupa t iona l  exposure, 

p r i m a r i l y  t h r o u g h  i n h a l a t i o n  o f  a i r b o r n e  cadmium, i s  t h e  g r e a t e s t  source o f  

exposure f o r  t h e  cadmium worke r  p o p u l a t i o n .  

DHS s t a f f  emphasizes t h a t  t h e  r i s k  e s t i m a t e s  d e r i v e d  i n  c o n d u c t i n g  a  r i s k  

assessment a r e  n o t  e x a c t  p r e d i c t i o n s ,  b u t  r a t h e r  r e p r e s e n t  b e s t  e s t i m a t e s  

based on c u r r e n t  s c i e n t i f i c  knowledge and methods. U n c e r t a i n t y  i n  t h i s  r i s k  

assessment stems from: ( 1 )  l i m i t a t i o n s  i n  t h e  d a t a  on which t h e  assessment was 

based, ( 2 )  an e x t r a p o l a t i o n  f rom o c c u p a t i o n a l  exposure l e v e l s  t o  c u r r e n t  

ambient  cadmium c o n c e n t r a t i o n s  r a n g i n g  o v e r  t h r e e  t o  f o u r  o r d e r s  o f  magni tude,  

( 3 )  g e n e r a l i z a t i o n  f rom t h e  m o r t a l i t y  e x p e r i e n c e  o f  a d u l t  w h i t e  males i n  

Co lorado .to t h e  genera l  p o p u l a t i o n  i n  C a l i f o r n i a .  ( 4 )  p o s s i b l e  d i f f e r e n c e s  

between o c c u p a t i o n a l  and nonoccupa t iona l  exposures i n  terms o f  p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  and ( 5 )  p o t e n t i a l  i n a c c u r a c y  and v a r i a b i l i t y  o f  ambient  exposure 

measurements. 

a The DHS s t a f f  has de te rm ined  t h a t  t h e  p o s s i b l e  r o l e s  o f  chance, b i a s  and 

c o n f o u n d i n g  f a c t o r s  i n  d i s t o r t i n g  t h e  t r u e  dose-response r e l a t i o n s h i p  i n  t h e  

o c c u p a t i o n a l  s t u d y  were l i k e l y  t o  have been sma l l .  The DHS s t a f f  has a l s o  

conc luded  t h a t  i n a c c u r a c i e s  i n  t h e  e v a l u a t i o n  o f  exposure and cancer  m o r t a l i t y  

i n  t h a t  s t u d y  were l i k e l y  t o  have been smal l .  I n  a d d i t i o n ,  t h e  n e t  d i r e c t i o n  

o f  these p o t e n t i a l  e r r o r s  was l i k e l y  t o  r e s u l t  i n  an o v e r e s t i m a t e  o f  cadmium's 

c a r c i n o g e n i c  potency.  F o r  t h e s e  reasons,  t h e  DHS s t a f f  b e l i e v e s  t h a t  t h e  use 

o f  these  e p i d e m i o l o g i c  d a t a  i n  a  q u a n t i t a t i v e  r i s k  assessment i s  a p p r o p r i a t e .  



Fur thermore,  t h e  use o f  human d a t a  e l i m i n a t e s  u n c e r t a i n t y  a r i s i n g  from 

i n t e r s p e c i e s  e x t r a p o l a t i o n .  S ince  t h e  o c c u p a t i o n a l  exposures were by  

i n h a l a t i o n ,  t h e r e  i s  a l s o  no e x t r a p o l a t i o n  between r o u t e s  o f  exposure. 

T h e r e f o r e  t h e  DHS s t a f f  recommends t h a t  t h e  range o f  r i s k s  f o r  ambient  

exposures t o  cadmium be based on t h e  b e s t  e s t i m a t e  and upper  95% c o n f i d e n c e  

l i m i t  p r e d i c t e d  f rom f i t t i n g  a  l i n e a r  model t o  t h e  human data.  The hazard 

posed b y  a tmospher ic  cadmium t o  r e s i d e n t s  o f  C a l i f o r n i a  was e s t i m a t e d  by  

a p p l y i n g  t h e  r i s k  e s t i m a t e  t o  cadmium c o n c e n t r a t i o n s  measured i n  t h e  s t a t e .  

Noncancer h e a l t h  e f f e c t s  a r e  n o t  expec ted  t o  o c c u r  a t  c o n c e n t r a t i o n s  o f  

cadmium measured i n  p o p u l a t e d  areas o f  t h e  s t a t e  ( l o n g - t e r m  averages r a n g i n g  

3  from 1  t o  2.5 ng/m ). The range o f  e s t i m a t e d  excess l i f e t i m e  cancer  r i s k s  

f r o m  24-hour-per-day exposure f o r  a  l i f e t i m e  t o  average ambient  a i r b o r n e  

c o n c e n t r a t i o n s ,  e s t i m a t e d  t o  be 1 t o  2.5 ng/m3, i s  2  t o  30 p e r  m i l l i o n  

persons exposed. F o r  peop le  near  e m i s s i o n  sources o f  cadmium, t h e  range o f  

e s t i m a t e d  excess l i f e t i m e  cancer  r i s k s  f r o m  24-hour-per-day exposure f o r  a  

1  i f e t i m e  t o  an average o f  40 ng/m3 o f  cadmium i s  80 t o  480 p e r  m i l l i o n  

persons exposed. Based on a i r  q u a l i t y  mode l ing  o f  t h r e e  sources o f  cadmium 

emiss ions,  t h e  ARB s t a f f  has e s t i m a t e d  t h a t  a p p r o x i m a t e l y  57,000 peop le  may be 

e iposed  t o  t h i s  c o n c e n t r a t i o n .  

Based on t h e  f i n d i n g  o f  cadmium-induced c a r c i n o g e n i c i t y  and t h e  r e s u l t  o f  

t h e  r i s k  assessment, DHS s t a f f  f i n d s  t h a t  ambient  cadmium i s  an a i r  p o l l u t a n t  

wh ich  may cause o r  c o n t r i b u t e  t o  an i n c r e a s e  i n  m o r t a l i t y  o r  an i n c r e a s e  i n  

s e r i o u s  i l l n e s s ,  o r  wh ich  may pose a  p r e s e n t  o r  p o t e n t i a l  hazard  t o  human 

h e a l t h .  



Based on i n t e r p r e t a t i o n  o f  t h e  a v a i l a b l e  s c i e n t i f i c  ev idence,  ARB s t a f f  

conc ludes  t h a t  cadmium meets t h e  d e f i n i t i o n  o f  a  t o x i c  a i r  contaminant ,  and 

recommends t h a t  i t  be l i s t e d  as such. I n  making t h i s  recommendation, t h e  ARB 

s t a f f  i s  u n a b l e  t o ,  based on a v a i l a b l e  s c i e n t i f i c  i n f o r m a t i o n ,  i d e n t i f y  a  

l e v e l  below wh ich  adverse h e a l t h  e f f e c t s  a r e  n o t  a n t i c i p a t e d  t o  occur ,  and i s  

t h e r e f o r e  u n a b l e  t o  recommend a  t h r e s h o l d  l e v e l .  





11. EVALUATION OF CADKIUM 

8 Cadmium i s  a  r a r e  e lement ,  mak ing u p  on t h e  average between one and two 

p a r t s  i n  t e n  m i l l i o n  o f  t h e  e a r t h ' s  c r u s t .  I t  i s  found i n  o i l  and c o a l  a t  

h i g h e r  c o n c e n t r a t i o n s  t h a n  a r e  n o r m a l l y  found  i n  t h e  e a r t h ' s  c r u s t ;  i t  i s  a l s o  

a  c o n t a m i n a n t  o f  z i n c  and copper  o res ,  f r o m  which i t  i s  recovered  commerc ia l l y .  

Cadmium i s  used i n  a  w ide  range o f  i n d u s t r i a l  a p p l i c a t i o n s .  Cadmium 

meta l  i s  used as a  component o f  c e r t a i n  a l l o y s ,  as a  c o r r o s i o n  i n h i b i t i n g  

c o a t i n g ,  and i n  c e r t a i n  t y p e s  o f  e l e c t r i c a l  s t o r a g e  b a t t e r i e s .  I t s  compounds 

a r e  used as p igments  and s t a b i l i z e r s ,  and i n  semiconductor  manu fac tu r ing .  

T h i s  w ide  usage o f  cadmium and i t s  compounds, i t s  presence as a  n a t u r a l  

con taminan t  i n  f o s s i l  f u e l s ,  o t h e r  m e t a l s ,  and i n d u s t r i a l  raw m a t e r i a l s ,  a l o n g  

w i t h  i t s  h i g h  v o l a t i l i t y  r e l a t i v e  t o  o t h e r  me ta ls ,  c r e a t e  a  h i g h  p o t e n t i a l  f o r  

r e l e a s e  o f  cadmium t o  t h e  atmosphere. We e s t i m a t e  t h a t  between 16 and 18 t o n s  

o f  cadmium a r e  e m i t t e d  y e a r l y  i n t o  t h e  S t a t e ' s  atmosphere. 

0 Exposure 

Atmospher ic  cadmium c o n c e n t r a t i o n s  were measured b y  t h e  ARB i n  urban 

a reas  o f  t h e  s t a t e  d u r i n g  1985. High-volume ( h i - v o l )  samplers  were used t o  

c o l l e c t  24-hour samples o f  p a r t i c u l a t e  m a t t e r  o f  50 m ic romete r  and s m a l l e r  

d iamete r ;  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  was used t o  de te rm ine  cadmium i n  

t h e  a c i d - s o l u b l e  f r a c t i o n  o f  each sample. 

Data  a r e  a v a i l a b l e  f o r  t h e  f i r s t  s i x  months o f  1985 f rom 21 samp l ing  

s i t e s ;  these  d a t a  were used t o  e s t i m a t e  exposure t o  a tmospher i c  cadmium i n  t h e  

s i x  areas i n  wh ich  t h e  samplers were l o c a t e d .  Data on a tmospher i c  cadmium 
. 

c o n c e n t r a t i o n s  i n  C a l i f o r n i a  c o l l e c t e d  b y  t h e  U.S. EPA i n  1977, and 

i n f o r m a t i o n  on seasonal  v a r i a t i o n  o f  a tmospher i c  cadmium i n  England sugges t  

t h a t  January  t h r o u g h  June averages may be r e p r e s e n t a t i v e  o f  annual  averages. 



Exposures i n  t h e  San Francisco Bay Area and t h e  South Coast a i r  basins 

were c a l c u l a t e d  by i n t e r p o l a t i n g  s i t e  va lues  t o  census t r a c t  c e n t r o i d s ,  

y i e l d i n g  population-weighted averages. Exposures i n  the  San Joaquin Valley, 

San Diego, and South Central Coast a i r  bas ins ,  and i n  Sacramento County, were 

est imated by assuming t h e  population i n  each area was exposed t o  t h e  

a r i t h m e t i c  mean concent ra t ion  from sampling s i t e s  i n  t h a t  a rea .  Values below 

3 t h e  l i m i t  of  d e t e c t i o n  (LOD) (1.0 ng/m ) were found in one-half of t h e  

samples. To provide a range of average concen t ra t ions ,  we developed two 

t rea tments  f o r  values below t h e  LOO which a r e  r e fe r r ed  t o  below a s  "zero 

values":  a minimum average es t imate  was c a l c u l a t e d  assuming values below t h e  

L O D  equal zero ;  a maximum average e s t i m a t e  was ca l cu la t ed  assuming values 

below t h e  LOO equal the  LOD. Table I p resents  these  exposure es t imates .  

TABLE I 

Atmospheric Cadmium Exposure Estimates 
Based on Zero Value Treatments 

(Jan - June 1985 d a t a )  

Exposed 
Range o f  Average Population 

Air Basin/Area Cadmium Concentration (ng/m3) (mi l l  i ons )  
min. max. 

San Francisco Bay Area 2.3 2.5 
South Coast 1.3 1.8 
San Joaquin Valley 0.7 1.3 
San Diego 0.8 1 .O 
South Central Coast 0.5 1 .O 
Sacramento (County) 0.3 1 .O 
All a r e a s  1.3 1.8 

The range of exposure es t imates  provided by d i f f e r e n t  t rea tment  of zero 

i values does not  r e f l e c t  unce r t a in ty  r e s u l t i n g  from t h e  small number of  samples 

I c o l l e c t e d  a t  each s i t e  (n = 10 t o  36) o r  from variance in measurements. To 

b e t t e r  e s t i m a t e  exposure, we c a l c u l a t e d  95 percent  confidence i n t e r v a l s  f o r  * 



t h e  mean c o n c e n t r a t i o n  a t  each s i t e .  These c o n f i d e n c e  i n t e r v a l s  r e f l e c t  

u n c e r t a i n t y  due t o  sample s i z e  and t h e  accuracy  o f  t h e  measurement method, i n  

a d d i t i o n  t o  t h e  u n c e r t a i n t y  f r o m  v a l u e s  be low t h e  d e t e c t i o n  l i m i t .  The 

e s t i m a t e d  95 p e r c e n t  c o n f i d e n c e  i n t e r v a l s  f o r  t h e  average cadmium 

c o n c e n t r a t i o n s  i n  t h e  a reas  s t u d i e d  a r e  g i v e n  i n  T a b l e  11. 

TABLE I 1  

Atmospher ic  Cadmium Exposure E s t i m a t e s  
95% Con f idence  I n t e r v a l s  

(Jan - June 1985 d a t a )  

95% Con f idence  L i m i t s  o f  

A i r  Bas in /Area 
Average Cadmium C o n c e n t r a t i o n  (ng/m3) P o p u l a t i o n  

Lower Upper ( m i l l i o n s )  

San F r a n c i s c o  Bay Area 1.5 
South  Coast  1  .O 
San Joaqu in  V a l l e y  0.7 
San Oiego 0.6 
South C e n t r a l  Coast  0.5 
Sacramento (County)  0.5 
A l l  a reas 1  .O 

. . 

Comparison o f  t h e  e s t i m a t e d  ranges i n  ave rage  c o n c e n t r a t i o n  shows t h a t  

u n c e r t a i n t y  from va lues  be low t h e  d e t e c t i o n  l i m i t  i s  sma l l  compared t o  t h e  95% 

c o n f i d e n c e  i n t e r v a l s ,  e x c e p t  when averages a r e  n e a r  t h e  LOO, when b o t h  methods 

g i v e  comparable ranges. F i g u r e  1  shows cadmium c o n c e n t r a t i o n s  p l o t t e d  a g a i n s t  

c u m u l a t i v e  p o p u l a t i o n  f o r  t h e  mean and t h e  upper  and l o w e r  95 p e r c e n t  

c o n f i d e n c e  1  i m i t s .  We e s t i m a t e  t h a t  approx imate1 y 1 0  m i l  1  i o n  peop le  (50 

p e r c e n t  o f  t h e  p o p u l a t i o n  i n  t h e  a r e a s  s t u d i e d )  a r e  exposed t o  a t  l e a s t  1.5 

3  ng/m cadmium ( range :  1.0 - 2.5 ng/m3), and t h a t  a p p r o x i m a t e l y  one 

m i l l  i o n  peop le  ( f i v e  p e r c d n t  o f  t h e  p o p u l a t i o n  i n  t h e  a reas  s t u d i e d )  a r e  

3  exposed t o  a t  l e a s t  3.5 ng/m cadmium ( range :  1.8 - 5.6 ng/m3). The 

exposures d i s c u s s e d  he re  a r e  based on  cadmium measured on p a r t i c l e s  50 





micrometers (um) and smal le r  i n  diameter;  t h e  f r a c t i o n  of cadmium on 

r e s p i r a b l e  p a r t i c l e s  ( l e s s  than 2.5 um diameter)  was not determined. The s i z e  

d i s t r i b u t i o n  of cadmium on atmospheric p a r t i c l e s  has been found by o the r s  t o  
I 

be bimodal; t h e  l a r g e r  peak i s  seen a t  0.3 - 1 u m ,  w i t h  a  smal le r  peak a t  3  - 
10 urn. This tendency i s  observed among s t u d i e s  which d i f f e r e d  i n  sampling 

l o c a t i o n  ( i n d u s t r i a l  , urban, and remote/background), year  (1965 - 1979),  and 

measurement method. Milford and Davidson (1985) ca l cu la t ed  an average 

p a r t i c u l a t e  cadmium mass median diameter  of  0.84 urn from p a r t i c l e  s i z e  

d i s t r i b u t i o n s  i n  14 s t u d i e s  of  i n d u s t r i a l ,  urban, and remote a r e a s ,  inc luding  

an urban a rea  i n  Ca l i fo rn ia .  

Data used t o  a s s e s s  atmospheric cadmium exposure r e f l e c t  t o t a l  o r  ac id  

e x t r a c t a b l e  cadmium. The probable compounds of  cadmium occurr ing  in 

atmospheric p a r t i c u l a t e  mat te r  can be i n f e r r e d  from data  on t h e  s o l u b i l i t i e s  

o f  atmospheric cadmium p a r t i c l e s ,  t h e  combustion chemistry of  major sources ,  

"6 and t h e  s o l u b i l i t i e s  of  cadmium s a l t s .  Analyses of  emitted p a r t i c u l a t e  from 

f o s s i l  fue l  f i r e d  b o i l e r s ,  and from a  primary copper sme l t e r ,  i n d i c a t e  t h a t  

metals a r e  emi t ted  p r i n c i p a l l y  a s  t h e  s u l f a t e ,  and t o  a  l e s s e r  e x t e n t  as  t h e  

oxide o r  carbonate.  This i s  c o n s i s t e n t  with the observed water  s o l u b i l i t i e s  

of' cadmium a e r o s o l s  in  Ca l i fo rn ia  (84 percent  o f  cadmium p a r t i c u l a t e  ma t t e r  

c o l l e c t e d  a t  an urban cos t a l  l oca t ion  was water  s o l u b l e ) ,  and elsewhere (74 

percent  o f  con t inen ta l  aerosol  c o l l e c t e d  in rura l  Tennessee w& water 

so lub le ) .  

Sources and Fate 

Although cadmium occurs a s  a  t r a c e  element of c rus t a l  m a t e r i a l s ,  

comparisons o f  t h e  compositions of  atmospheric p a r t i c u l a t e  mat te r  and c r u s t a l  

ma te r i a l s  s t r o n g l y  suggests  t h a t  atmospheric cadmium o r i g i n a t e s  mainly from 



h i g h  tempera tu re  i n d u s t r i a l  processes. The r a t i o  o f  t h e  cadmium t o  aluminum 

c o n c e n t r a t i o n  r a t i o  i n  a i r  t o  t h e i r  r a t i o  i n  c r u s t a l  m a t e r i a l s  i s  d e f i n e d  as 

t h e  en r i chment  f a c t o r  (EF) f o r  cadmium. EF v a l u e s  l e s s  t h a n  5 a r e  g e n e r a l l y  

c o n s i d e r e d  t o  be i n d i c a t i v e  o f  a  c r u s t a l  o r  s o i l  source;  h i g h e r  va lues  o f  EF 

a r e  s u g g e s t i v e  o f  sources c a u s i n g  e n r i c h m e n t  i n  cadmium, i.e., h i g h  

tempera tu re  sources (combust ion o r  p y r o m e t a l l u r g i c a l ) .  An average EF o f  1,900 

f o r  cadmium a t  urban,  r u r a l ,  and remote s i t e s  i n  t h e  U.S. and e lsewhere has 

been repor ted.  No Cal i f o r n i a - s p e c i f i c  d a t a  a r e  a v a i l a b l e ,  b u t  t h e  en r i chment  

phenomenon observed e l sewhere  s u p p o r t s  t h e  s u p p o s i t i o n  t h a t  a tmospher i c  

cadmium i n  C a l i f o r n i a  i s  e m i t t e d  p r i n c i p a l l y  f r o m  h i g h  tempera tu re  i n d u s t r i a l  

sources.  

An i n v e n t o r y  o f  cadmium e m i s s i o n s  i n  t h e  s t a t e  i n d i c a t e s  t h a t  most (abou t  

90 p e r c e n t )  cadmium i s  e m i t t e d  f rom h i g h  t e m p e r a t u r e  processes.  These sources 

have been shown t o  e m i t  cadmium on p a r t i c u l a t e  m a t t e r  p r i n c i p a l l y  l e s s - t h a n  2 

um i n  d iamete r ,  w i t h  t y p i c a l  mass median d i a m e t e r s  o f  1  um. The en r i chment  o f  

cadmium on s m a l l e r  d i a m e t e r  p a r t i c l e s  has been a t t r i b u t e d  t o  condensa t ion  o f  

cadmium ( v o l a t i l i z e d  d u r i n g  combust ion)  on t h e  s u r f a c e  o f  e m i t t e d  p a r t i c l e s  as 

c o o l i n g  o f  combust ion gases occurs.  Because s m a l l  p a r t i c l e s  have g r e a t e r  

su'rface t o  mass r a t i o s  t h a n  l a r g e  p a r t i c l e s ,  t h e  c o n c e n t r a t i o n  o f  cadmium on a  

mass b a s i s  i s  g r e a t e r  f o r  sma l l  p a r t i c l e s .  

Cadmium i s  e m i t t e d  f rom a  number o f  d i f f e r e n t  sources.  A p p r o x i m a t e l y  80% 

o f  t h e  cadmium accounted f o r  i n  a  s t a t e w i d e  e m i s s i o n  i n v e n t o r y  was f rom 

s t a t i o n a r y  sources w i t h  t h e  ba lance  e m i t t e d  b y  m o t o r  v e h i c l e s .  

S t a t i o n a r y  sources o f  cadmium e m i s s i o n s  i n c l u d e  secondary  s m e l t e r s ,  

cement m a n u f a c t u r i n g  p l a n t s ,  cadmium e l e c t r o p l a t i n g  f a c i l i t i e s ,  sewage s ludge  



i n c i n e r a t o r s ,  and i n d u s t r i a l ,  commercial , and u t i l i t y  p l an t s  where coal o r  o i l  

i s  burned. 

Cadmium i s  a l s o  emit ted from mobile sources .  Cadmium i s  a component o f  

d i e se l  fue l  and gaso l ine ,  and i s  emi t ted  when t h e s e  a r e  burned. Also, cadmium 

i s  present  i n  veh ic l e  t i r e s  and consequently i n  t h e  p a r t i c l e s  r e s u l t i n g  from 

t i r e  wear. Table I11 gives a summary o f  ARB s t a t ewide  emission es t imates  f o r  

cadmium. 

TABLE 111 

Statewide Cadmium Emissions 

~ t a t i o n a ' r y  Sources 
Inventory 

Year 

Secondary Smelters 1981 
Cement Manufacturing 1984 
Oil Combustion 1983 
Coal Combustion 1981 
Cadmium P la t ing  1982 
Sewage Sludge Inc ine ra t ion  1982 

Total S t a t iona ry  Sources 

Mobile Sources 

Motor Vehicle Fuel Combustion 1984 
Vehicle T i r e  Wear 1984 

Total Mobile Sources 

Estimated 
Statewide 
Emissions 
( tons ly r .  ) 

Total All Sources 16 - 18 

There i s  evidence of atmospheric r eac t ions  of cadmium emi t ted  from coal 

combustion. An increase  in t h e  s o l u b i l i t y  o f  cadmium on coal f l y  ash has been 

a t t r i b u t e d  to. reac t ion  of emit ted cadmium oxide i n  the  plume t o  form cadmium 

s u l f a t e ,  phosphate, o r  f luo r ide .  In add i t ion  t o  t h i s  group of  r e a c t i o n s ,  



which would account f o r  observed increases i n  the s o l u b i l i t y  o f  emi t ted 

cadmium, t h e  r e a c t i o n  o f  metal  oxides i n  f l y  ash w i t h  carbon d iox ide  t o  form 

metal carbonates has been observed. I f  t h i s  r e a c t i o n  occurs w i t h  cadmium, i t  

would n o t  a f f e c t  t h e  s o l u b i l i t y  o f  atmospheric cadmium d i r e c t l y ,  because both  

the  ox ide and carbonate s a l t s  o f  cadmium a r e  i nso lub le .  

Cadmium i s  removed from t h e  atmosphere through both wet and d ry  

deposi t ion.  The rates o f  t r a c e  metal depos i t i on  are bel ieved t o  depend on 

meteorology, vegeta t ion  (canopy) c h a r a c t e r i s i t i c s ,  and d i f f e rences  i n  l o c a l  o r  

reg iona l  emissions. 

Non-Cancer Hea l th  E f f e c t s  

Cadmium has been found t o  induce a  number o f  noncarcinogenic t o x i c  

e f f e c t s  i n  experimental  animals and humans. Cadmium has moderate acute 

t o x i c i t y ,  producing g a s t r o i n t e s t i n a l  o r  pulmonary e f f e c t s  from i n g e s t i o n  o r  

i n h a l a t i o n ,  respec t i ve l y .  Chronic and subchronic exposures t o  cadmium have 

been assoc ia ted  w i t h  a  wide range o f  adverse outcomes t h a t  i nc lude  

card iovascu lar ,  endocrine, hepat ic ,  bone, hematological,  immunological , 

r e s p i r a t o r y ,  renal  , reproduct ive ,  and te ra togen ic  e f f e c t s .  DHS s t a f f  has 

concluded t h a t  rena l  t o x i c i t y  i s  t h e  most s e n s i t i v e  noncarcinogenic e f f e c t ,  i n  

t h a t  i t  has been repor ted  t o  occur a t  lower exposure l e v e l s  than o t h e r  e f f e c t s .  

The s t a f f  o f  t h e  A i r  Resources Board has est imated t h a t  long- term 

atmospheric concent ra t ions  o f  cadmium i n  C a l i f o r n i a  a re  i n  t h e  range o f  l e s s  

3  than 1, t o  6  ng/m . A d a i l y  r e t e n t i o n  r a t e  o f  cadmium est imated t o  induce 

rena l  t o x i c i t y  i n  10 percent o f  t h e  popu la t ion  has been est imated t o  be 6.6 t o  

24.6 uglday over a 50-year period. Ambient a i r  concentrat ions necessary t o  

a t t a i n  t h i s  range o f  r e t e n t i o n  r a t e s  have been est imated t o  be 650 t o  2500 

ng/m3, assuming 50 percent  pulmonary absorpt ion. Although no th resho ld  



exposure l e v e l  has been de te rm ined  f o r  r e n a l  t o x i c i t y ,  t h e  s t a f f  o f  DHS 

b e l i e v e s  t h a t  such a  l e v e l  does e x i s t .  The s t a f f  o f  DHS has conc luded t h a t  

t h e  two t o  t h r e e  o r d e r s  o f  magni tude d i f f e r e n c e  between t h e  e s t i m a t e d  

a tmospher i c  c o n c e n t r a t i o n s  o f  cadmium and t h o s e  c o n c e n t r a t i o n s  necessary  t o  

a t t a i n  a  r e t e n t i o n  r a t e  a t  wh ich  10 p e r c e n t  o f  t h e  p o p u l a t i o n  would  deve lop  

r e n a l  t o x i c i t y  i s  s u f f i c i e n t l y  l a r g e  t h a t  a tmospher i c  cadmium does n o t  pose a  

s i g n i f i c a n t  hazard f o r  r e n a l  t o x i c i t y .  S ince  r e n a l  t o x i c i t y  i s  t h e  most 

s e n s i t i v e  n o n c a r c i n o g e n i c  e n d p o i n t ,  any o t h e r  a c u t e  o r  c h r o n i c  noncarc inogen ic  

t o x i c  e f f e c t s  f rom c u r r e n t  ambient  l e v e l s  a r e  n o t  expected. 

C a r c i n o g e n i c  E f f e c t s  

Cadmium has induced  cancer  i n  e x p e r i m e n t a l  an ima ls  and has been 

a s s o c i a t e d  w i t h  an i n c r e a s e  i n  human cancers  i n  e p i d e m i o l o g i c a l  s t u d i e s .  

Cadmium has produced i n j e c t i o n  s i t e  tumors  ( i n  r a t s )  and remote tumors ( i n  

r a t s  and m ice )  f o l l o w i n g  subcutaneous o r  i n t r a m u s c u l a r  i n j e c t i o n s ,  and has 

@ produced l u n g  tumors i n  r a t s  exposed t o  cadmium c h l o r i d e  ae roso l .  Severa l  

s t u d i e s  i n  wh ich  cadmium was g i v e n  b y  t h e  o r a l  r o u t e  have been n e g a t i v e ,  

perhaps because o f  p o o r  g a s t r o i n t e s t i n a l  a b s o r p t i o n  and low s u s c e p t i b i l i t y  o f  

g a s t r o i n t e s t i n a l  e p i t h e l i a l  t i s s u e  t o  c a r c i n o g e n e s i s  i nduced  by  cadmium. The 

~ n t e r n a t i o n a l  Agency f o r  Research on Cancer (IARC) has conc luded t h a t  t h e r e  i s  

s u f f i c i e n t  ev idence  o f  c a r c i n o g e n i c i t y  i n  an ima ls  and t h a t ,  f o r  p r a c t i c a l  

purposes, cadmium s h o u l d  be regarded as i f  i t  p r e s e n t s  a  c a r c i n o g e n i c  r i s k  t o  

humans. DHS s t a f f  concurs  i n  t h e s e  c o n c l u s i o n s .  

. -  E p i d e m i o l o g i c a l  ev idence  has suggested an a s s o c i a t i o n  between cadmium 

exposure and n e o p l a s i a ,  i n c l u d i n g  r e s p i r a t o r y ,  r e n a l ,  p r o s t a t i c ,  and b l a d d e r  

cancers.  For  t h e  l a t t e r  t h r e e  cancers ,  t h e  ev idence  i s  s u g g e s t i v e  o r  

i n c o n c l u s i v e ;  however, t h e r e  i s  s t r o n g  ev idence  o f  an a s s o c i a t i o n  between 



cadmium exposure and an i n c r e a s e d  r i s k  o f  r e s p i r a t o r y  cancer.  Severa l  

o c c u p a t i o n a l  s t u d i e s  have shown some a s s o c i a t i o n  between cadmium exposure o r  @ 
p o t e n t i a l  exposure and l u n g  cancer.  A r e c e n t l y  pub1 i s h e d ,  w e l l - d e s i g n e d  s t u d y  

wh ich  e v a l u a t e d  a  c o h o r t  o f  cadmium-exposed worke rs  found  a  h i g h l y  

s t a t i s t i c a l l y  s i g n i f i c a n t  dose-response r e l a t i o n s h i p .  N e i t h e r  b i a s  n o r  

c o n f o u n d i n g  appeared t o  be r e s p o n s i b l e  f o r  t h e  observed excess l u n g  cancer  

r i s k .  

A v a r i e t y  o f  s t u d i e s  have i n d i c a t e d  t h a t  cadmium i s  mutagenic  and 

c l a s t o g e n i c .  However, a  number o f  s i m i l a r  s t u d i e s  have g i v e n  n e g a t i v e  

r e s u l t s .  The s t a f f  o f  DHS has conc luded t h a t  t h e r e  i s  o n l y  l i m i t e d  ev idence  

t h a t  cadmium i s  mutagenic  and c l a s t o g e n i c .  

There i s  a l s o  ev idence  t h a t  cadmium can b i n d  t o  DNA and cause m i s p a i r i n g  

o f  s y n t h e t i c  p o l y n u c l e o t i d e s .  T h i s  t y p e  o f  a c t i v i t y  may cause a  mutagenic  o r  

c a r c i n o g e n i c  e f f e c t .  The mechanism o f  a c t i o n  f o r  t h i s  t y p e  o f  e f f e c t  i s  

b e l i e v e d  t o  have no t h r e s h o l d  a s s o c i a t e d  w i t h  it. I n  t h e  absence o f  

compel1 i n g  ev idence  o f  a  t h r e s h o l d ,  t h e  s t a f f  o f  DHS c o n s i d e r s  t h e  mechanism 

o f  cadmium c a r c i n o g e n e s i s  t o  be a  n o n t h r e s h o l d  process.  

R i s k  Due To Atmospher ic  Cadmium 

A t  ambient  c o n c e n t r a t i o n s ,  cadmium was e s t i m a t e d  t o  p r e s e n t  a  p o t e n t i a l  

c a r c i n o g e n i c  r i s k  t o  humans. T h i s  c o n c l u s i o n  was based on two s e p a r a t e  r i s k  

assessments, one u t i l i z i n g  an ima l  d a t a ,  t h e  o t h e r  u t i l i z i n g  human data .  

I n  a  31-month i n h a l a t i o n  b ioassay ,  r a t s  were exposed t o  cadmium c h l o r i d e  
3 

a e r o s o l  a t  c o n c e n t r a t i o n s  o f  0. 2.2, 4.1 and 8.3 ug lm pure  cadmium. The 

tumor  i n c i d e n c e  r a t e s  f o r  t h e s e  f o u r  dose groups were, r e s p e c t i v e l y ,  0%, 15%. 

53% and 71%. Severa l  models were f i t  t o  these  data.  The most 
8 

h e a l t h - c o n s e r v a t i v e  e x t r a p o l a t i o n  was ach ieved  b y  f i t t i n g  t h e  m u l t i s t a g e  



model, wh ich  p r e d i c t e d  an excess l i f e t i m e  cancer  r i s k  o f  110 pe r  m i l l i o n  

3 persons c o n t i n u o u s l y  i n h a l i n g  1  ng/m cadmium i n  ambient  a i r  t h r o u g h o u t  

t h e i r  l i v e s .  The upper  95% c o n f i d e n c e  l i m i t  f o r  t h i s  r i s k  e s t i m a t e  was 180  

pe r  m i l l i o n  persons. 

The human d a t a  used f o r  a  r i s k  assessment was based on an o c c u p a t i o n a l  

c o h o r t  s t u d y  o f  585 worke rs  exposed t o  cadmium i n  a  p r o d u c t i o n  p l a n t .  Based 

on c u m u l a t i v e  exposures,  t h e  f o l l o w - u p  y e a r s  f o r  these  workers  were d i v i d e d  

i n t o  3 exposure c a t e g o r i e s .  A t  median c u m u l a t i v e  doses o f  184, 796 and 2762 

3 ug/m o f  cadmium, s t a n d a r d i z e d  m o r t a l i t y  r a t i o s  (SMRs) o f  53, 152 and 280 

were observed. A l i n e a r  excess r e l a t i v e  r i s k  model w i t h  an a d j u s t m e n t  f o r  t h e  

h e a l t h y  worke r  e f f e c t  was f i t t e d  t o  t h e s e  d a t a  b y  an i t e r a t i v e  l e a s t  squares 

a l g o r i t h m .  The model p r e d i c t e d  an excess l i f e t i m e  cancer  r i s k  o f  2 p e r  

3 m i l l i o n  persons i n h a l i n g  1 ng/m cadmium i n  ambient  a i r  t h r o u g h o u t  t h e i r  

l i v e s .  The upper  95% c o n f i d e n c e  l i m i t  f o r  t h i s  r i s k  e s t i m a t e  was 12 pe r  

@ m i ~ ~ i o n .  

The upper  95% c o n f i d e n c e  l i m i t  f o r  l i f e t i m e  cancer  r i s k  based on t h e  r a t  

s t u d y  was a b o u t  15 t i m e s  t h e  upper  95% c o n f i d e n c e  l i m i t  o f  r i s k  p r e d i c t e d  b y  

t h e  e p i d e m i o l o g i c a l  study.  The maximum l i k e l i h o o d  e s t i m a t e  f r o m  t h e  an imal  

d a t a  i s  abou t  10 t i m e s  t h e  upper  95% human-based es t ima te .  Members o f  t h e  DHS 

s t a f f  have conc luded  t h a t  t h e  human-based q u a n t i t a t i v e  r i s k  assessment i s  

s u f f i c i e n t l y  h e a l t h  c o n s e r v a t i v e  because: ( 1 )  i t  i s  based on a  l i n e a r  

e x t r a p o l  a t i o n ,  ( 2 )  p o t e n t i a l  i n a c c u r a c i e s  i n  t h e  human d a t a  r e g a r d i n g  exposure 

o r  response a r e  l i k e l y  t o  be s m a l l ,  and ( 3 )  t h e  n e t  d i r e c t i o n  o f  t h e s e  

i n a c c u r a c i e s  a r e  l i k e l y  t o  r e s u l t  i n  an o v e r e s t i m a t e  o f  potency.  There fo re ,  

t h e  OHS s t a f f  b e l i e v e s  t h a t  t h e  human-based r i s k  assessment p r o v i d e s  t h e  most 

a p p r o p r i a t e  range o f  r i s k s .  The range o f  e s t i m a t e d  excess l i f e t i m e  cancer 



r i s k s  from 24-hour-per-day exposure f o r  a l i f e t i m e  t o  atmospheric 

3 .  concent ra t ions  o f  cadmium (1 t o  2.5 ng/m ) 1s t h e r e f o r e  2 t o  30 per m i l l i o n  

persons exposed. I n  the v i c i n i t y  o f  sources o f  cadmium emissions, ambient 

8 
exposures may reach an annual average o f  40 ng/m3, w i t h  the est imated excess 

l i f e t i m e  cancer r i s k  being 80 t o  480 per  m i l l i o n  persons exposed. 



I 11. ENVIRONMENTAL IMPACTS 

e The i d e n t i f i c a t i o n  o f  cadmium as a  t o x i c  a i r  con taminan t  i s  n o t  i n  i t s e l f  

expec ted  t o  r e s u l t  i n  any env i ronmenta l  e f f e c t s .  The i d e n t i f i c a t i o n  o f  

cadmium as  a  t o x i c  a i r  con taminan t  b y  t h e  Board may r e s u l t  i n  t h e  Board and 

a i r  p o l l u t i o n  c o n t r o l  d i s t r i c t s  a d o p t i n g  t o x i c  c o n t r o l  measures i n  accordance 

w i t h  t h e  p r o v i s i o n s  o f  s t a t e  law. Any such t o x i c  c o n t r o l  measures may r e s u l t  

i n  reduced emiss ions  o f  cadmium t o  t h e  atmosphere, r e s u l t i n g  i n  reduced 

ambient  c o n c e n t r a t i o n s ,  c o n c u r r e n t l y  r e d u c i n g  t h e  h e a l t h  r i s k  due t o  cadmium. 

T h e r e f o r e ,  t h e  i d e n t i f i c a t i o n  o f  cadmium as a  t o x i c  a i r  con taminan t  may 

u l t i m a t e l y  r e s u l t  i n  env i ronmenta l  b e n e f i t s .  Env i ronmenta l  impacts  i d e n t i f i e d  

w i t h  r e s p e c t  t o  s p e c i f i c  c o n t r o l  measures w i l l  be i n c l u d e d  i n  t h e  

c o n s i d e r a t i o n  o f  such c o n t r o l  measures p u r s u a n t  t o  H e a l t h  and S a f e t y  Code 

S e c t i o n s  39665 and 39666. 

I V .  REGULATORY BACKGROUND AN0 PROCEDURES 

D i v i s i o n  26, Chapter  3.5 o f  t h e  H e a l t h  and S a f e t y  Code** (HSC) and Food 

and A g r i c u l t u r e  S e c t i o n  14021 e t  seq. s e t  f o r t h  t h e  procedure f o r  i d e n t i f y i n g  

and c o n t r o l 1  i n g  t o x i c  a i r  con taminan ts  i n  C a l i f o r n i a .  (These p r o v i s i o n s  were 

enac ted  i n  September 1983 as Assembly B i l l  1807, S t a t s .  1983, ch. 1047.) The 

De'partment o f  Food and A g r i c u l t u r e  i s  r e s p o n s i b l e  f o r  i d e n t i f y i n g  and 

c o n t r o l l i n g  TACs i n  t h e i r  p e s t i c i d a l  uses. The ARB has a u t h o r i t y  o v e r  TACs i n  

a l l  o t h e r  uses. 

** H e a l t h  and Sa fe ty  Code S e c t i o n  39650; a l l  s t a t u t o r y  r e f e r e n c e s  a r e  t o  t h e  
H e a l t h  and Sa fe ty  Code, e x c e p t  as o t h e r w i s e  s t a t e d .  



HSC S e c t i o n  39650 s e t s  f o r t h  t h e  L e g i s l a t u r e ' s  f i n d i n g s  about  substances 
, 

wh ich  may be TACs. The L e g i s l a t u r e  has d e c l a r ~ d :  

"Tha t  p u b l i c  h e a l t h ,  s a f e t y ,  and w e l f a r e  may be endangered b y  t h e  

e m i s s i o n  i n t o  t h e  ambient  a i i  o f  substances wh ich  a r e  de te rm ined  t o  

be c a r c i n o g e n i c ,  t e r a t o g e n i c ,  mutagenic ,  o r  o t h e r w i s e  t o x i c  o r  

i n j u r i o u s  t o  humans." 

The f i n d i n g s  a l s o  i n c l u d e  d i r e c t i v e s  on t h e  c o n s i d e r a t i o n  o f  s c i e n t i f i c  

ev idence  and t h e  b a s i s  f o r  r e g u l a t o r y  a c t i o n .  Wi th  r e s p e c t  t o  t h e  c o n t r o l  o f  

TACs, t h e  L e g i s l a t u r e  has d e c l a r e d :  

"Tha t  i t  i s  t h e  p u b l i c  p o l i c y  o f  t h i s  s t a t e  t h a t  emiss ions  

o f  t o x i c  a i r  con taminan ts  s h o u l d  be c o n t r o l l e d  t o  l e v e l s  

wh ich  p r e v e n t  harm t o  t h e  p u b l i c  hea l th . "  

The L e g i s l a t u r e  has f u r t h e r  d e c l a r e d  t h a t ,  " w h i l e  a b s o l u t e  and u n d i s p u t e d  

s c i e n t i f i c  ev idence  may n o t  be a v a i l a b l e  t o  d e t e r m i n e  t h e  e x a c t  n a t u r e  and 

e x t e n t  o f  r i s k  from t o x i c  a i r  con taminan ts ,  i t  i s  necessary  t o  t a k e  a c t i o n  t o  

p r o t e c t  p u b l i c  hea l th . "  

I n  t h e  e v a l u a t i o n  o f  substances,  t h e  L e g i s l a t u r e  has dec laFed t h a t  t h e  

b e s t  a v a i l a b l e  s c i e n t i f i c  ev idence,  g a t h e r e d  f rom b o t h  p u b l i c  agenc ies  and 

p r i v i t e  sources i n c l u d i n g  i n d u s t r y ,  s h o u l d  be used. The L e g i s l a t u r e  has a l s o  

d e t e r m i n e d  t h a t  t h i s  i n f o r m a t i o n  s h o u l d  be rev iewed  b y  a  s c i e n t i f i c  r e v i e w  

panel  and b y  t h e  p u b l i c .  

The Board ' s  d e t e r m i n a t i o n  o f  whe the r  o r  n o t  a  substance i s  a  t o x i c  a i r  

con taminan t  i n c l u d e s  s e v e r a l  s t e p s  s p e c i f i e d  b y  t h e  HSC. F i r s t ,  we r e q u e s t  

t h e  DHS t o  e v a l u a t e  t h e  h e a l t h  e f f e c t s  o f  a  substance ( S e c t i o n  39660)* The 

e v a l u a t i o n  i n c l u d e s  a  comprehensive r e v i e w  o f  a l l  a v a i l a b l e  s c i e n t i f i c  data.  

Upon r e c e i p t  o f  a  r e p o r t  on  h e a l t h  e f f e c t s  f r o m  DHS and i n  c o n s i d e r a t i o n  o f  



t h e i r  recommendations, we p repare  and s u b m i t  a  r e p o r t  t o  t h e  S c i e n t i f i c  Review 

@ Panel (SRP) f o r  i t s  r e v i e w  ( S e c t i o n  39661). The r e p o r t  c o n s i s t s  o f  t h e  DHS 

r e p o r t  ( P a r t  B ) ,  m a t e r i a l  p repared  by t h e  ARB s t a f f  on t h e  use,  emiss ions and 

amb ien t  c o n c e n t r a t i o n s  o f  t h e  substance ( P a r t  A), and p u b l i c  comments on t h e  

d r a f t  r e p o r t  and responses ( P a r t  C). I t  serves as t h e  b a s i s  f o r  f u t u r e  

r e g u l a t o r y  a c t i o n  b y  t h e  Board. The r e p o r t  i s  a l s o  made a v a i l a b l e  t o  t h e  

p u b l i c ,  wh ich  may submi t  comments on t h e  r e p o r t .  

A f t e r  r e c e i v i n g  t h e  SRP's w r i t t e n  f i n d i n g s  on t h e  r e p o r t ,  t h e  Board 

i s s u e s  a  p u b l i c  h e a r i n g  n o t i c e  and a  proposed r e g u l a t i o n  i d e n t i f y i n g  t h e  

substance as a  t o x i c  a i r  contaminant .  I f ,  a f t e r  a  p u b l i c  h e a r i n g  and o t h e r  

procedures t o  comply w i t h  Government Code S e c t i o n  11340 e t  seq., t h e  Board 

de te rm ines  t h a t  a  substance i s  a  t o x i c  a i r  contaminant ,  i t s  f i n d i n g s  must be 

s e t  f o r t h  i n  a  r e g u l a t i o n  ( S e c t i o n  39662). The HSC a l s o  s e t s  f o r t h  procedures 

f o r  d e v e l o p i n g  and a d o p t i n g  c o n t r o l  measures f o r  substances i d e n t i f i e d  as TACs 

( S e c t i o n s  39665-39667). 
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I. INTRODUCTION 

Cadmium and i t s  compounds a r e  s i g n i f i c a n t  f rom b o t h  a  commercial and an 

e n v i r o n m e n t a l  p e r s p e c t i v e .  Cadmium o r  i t s  compounds i s  used t o  i n h i b i t  

c o r r o s i o n  o f  o t h e r  m e t a l s ,  t o  c o l o r  and t o  s t a b l i z e  p l a s t i c s ,  and t o  ach ieve  a  

number o f  o t h e r  u n i q u e  o r  b e n e f i c i a l  p r o p e r t i e s  i n  i n d u s t r i a l  and commercial 

app l  i c a t i o n s .  

Cadmium i s  p r e s e n t  a t  t r a c e  l e v e l s  i n  f o s s i l  f u e l s  and some meta l  ores.  

Because cadmium i s  v o l a t i l e  ( r e l a t i v e  t o  o t h e r  m e t a l s ) ,  t h e r e  i s  a  h i g h  

p o t e n t i a l  f o r  i t s  r e l e a s e  t o  t h e  atmosphere d u r i n g  o r e  s m e l t i n g  o f  some m e t a l s  

and d u r i n g  f o s s i l  f u e l  o r  waste  combust ion.  Cadmium may a l s o  be e m i t t e d  t o  

t h e  atmosphere d u r i n g  i t s  d i r e c t  i n d u s t r l a l  use. Cadmium has been measured i n  

t h e  atmosphere o f  C a l i f o r n i a ,  b o t h  i n  s p e c i a l  s t u d i e s  and on an ongo ing  b a s i s ,  

f o r  more t h a n  t h i r t y  years .  

T h i s  r e p o r t  p r e s e n t s  s t a t e w i d e  e s t i m a t e s  o f  p r e s e n t  and f u t u r e  usage and 

"-0 emiss ions  o f  c a d m i ~ m ,  a  d i s c u s s i o n  o f  t h e  a v a i l a b l e  i n f o r m a t i o n  on t h e  n a t u r e  

and f a t e  o f  t h a t  e m i t t e d  cadmium, and an e s t i m a t e  o f  exposure t o  a tmospher i c  

cadmium f o r  b o t h  t h e  genera l  p u b l i c  and f o r  peop le  l i v i n g  c l o s e  t o  m a j o r  

sources o f  cadmium emiss ions.  I n  d i s c u s s i o n  o f  each o f  t h e s e  t o p i c s  a reas  o f  

i n c o m p l e t e  knowledge a r e  i d e n t i f i e d ,  and, where p o s s i b l e ,  i n f e r e n c e s  a r e  drawn 

u s i n g  a v a i l a b l e  i n f o r m a t i o n .  





I I. PROPERTIES 

Cadmium i s  a  s o f t ,  s i l v e r - w h i t e  m e t a l  wh ich i s  found  as t h e  s u l f i d e  a t  

t r a c e  c o n c e n t r a t i o n s  i n  t h e  e a r t h ' s  c r u s t .  I n  i t s  e lementa l  fo rm,  cadmium i s  

r e s i s t a n t  t o  c o r r o s i o n  by  a l k a l i e s  and s a l t  wa te r ,  and r e t a i n s  i t s  m e t a l l i c  

l u s t e r  i n  a i r .  The m o l e c u l a r  w e i g h t  o f  m e t a l l i c  cadmium i s  112.4, and i t s  

b o i l i n g  p o i n t  i s  767°C. The r e l a t i v e l y  h i g h  v o l a t i l i t y  o f  cadmium and some o f  

i t s  compounds compared t o  o t h e r  m e t a l s  i s  s i g n i f i c a n t  f r o m  an a i r  p o l l u t i o n  

s t a n d p o i n t ;  cadmium v a p o r i z e d  d u r i n g  combust ion o r  o t h e r  h i g h  tempera tu re  

processes,  condenses on p a r t i c l e s  as t h e  gas coo ls .  P r e f e r e n t i a l  en r i chment  

o f  cadmium on f i n e  p a r t i c l e s  ( l e s s  t h a n  2 m i c r o m e t e r s )  occu rs  as a  r e s u l t .  

Because some a i r  p o l l u t i o n  c o n t r o l  d e v i c e s  have l o w e r  removal e f f i c i e n c i e s  f o r  

sma l l  p a r t i c l e s  t h a n  f o r  l a r g e ,  cadmium i s  e m i t t e d  p r e d o m i n a n t l y  on sma l l  

p a r t i c l e s ,  wh ich  a r e  r e s p i r a b l e .  

The most common o x i d a t i o n  s t a t e  o f  cadmium i s  t 2 ,  a l t h o u g h  t h e r e  a r e  a  

sma l l  number o f  compounds i n  wh ich  cadmium occurs  i n  t h e  t 1  o x i d a t i o n  s t a t e  

( H o l l a n d e r  and Carape l la ,  1978). Commerc ia l l y  and e n v i r o n m e n t a l l y  s i g n i f i c a n t  

compounds o f  cadmium e x h i b i t  a  w ide  range  o f  p r o p e r t i e s ;  s e l e c t e d  p r o p e r t i e s  

o f  s e v e r a l  compounds a r e  g i v e n  i n  T a b l e  11-1. 



TABLE 11-1 

Phys ica l  P r o p e r t i e s  o f  Se lec ted  Cadmium Compounds 

Mo lecu la r  
Species Weight 

Cadmi um 112.4 

a c e t a t e  230.5 

carbonate 172.4 

c h l o r i d e  183.3 

f l u o r i d e  150.4 

o x i d e  128.4 

or thophosphate 527.1 

s u l f a t e  208.5 

s u l f i d e  144.5 

~ o l u b i l i t y l )  
Water Ac id  - -  

B o i l i n g  
P o i n t  ("C) 

i s 767 

s s decomposes 

i s decomposes 

s s 960 

s s 1758 

i s 1559 

S S ---- 
i s 980 (sub. i n  N2) 

Sources: I A R C ,  1976; Ho l l ande r  and Ca rape l l a  1978; Weast, 1973, Germani, 
e t  a1 , 1981 

1 )  i = i n s o l u b l e  
s = s o l u b l e  
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111. SOURCES AND FATE OF ATMOSPHERIC CADMIUM 

e A. P r o d u c t i o n  and Usage 

Cadmium i s  a  r a r e  element,  f ound  m a i n l y  as a  s u l f i d e  i n  o r e s  o f  z i n c ,  

copper ,  and lead.  Because o f  i t s  r a r i t y ,  because i t  o c c u r s  w i t h  m e t a l s  o f  

economic impor tance  and because i t  can be recovered  d u r i n g  t h e  r e f i n i n g  o f  

these  o t h e r  m e t a l s ,  cadmium i s  n o t  mined s e p a r a t e l y ;  i t  i s  a lways a  b y p r o d u c t  

o f  o t h e r  m i n i n g  o p e r a t i o n s .  I t  i s  mos t  commonly produced c o m m e r c i a l l y ~ a s  a  

b y - p r o d u c t  o f  z i n c  (and t o  a  l e s s e r  e x t e n t ,  copper  and l e a d )  s m e l t i n g  and 

r e f i n i n g .  D u r i n g  1984, f i v e  p l a n t s  i n  t h e  U n i t e d  S t a t e s  produced cadmium 

meta l  f rom z i n c  ores ;  none o f  these  were l o c a t e d  i n  C a l i f o r n i a  (U.S. 

Department o f  I n t e r i o r  [DOI], 1985a). 

Cadmium consumpt ion i n  t h e  U n i t e d  S t a t e s  d u r i n g  1984 has been e s t i m a t e d  

t o  be 4,200 tons.  Domestic p r o d u c t i o n  o f  cadmium d u r i n g  1984 was 1,800 tons  

(48  p e r c e n t  o f  consumpt ion) ,  w i t h  i m p o r t s  and r e s e r v e s  mak ing up t h e  

d i f f e r e n c e .  D u r i n g  t h e  p e r i o d  1973 t o  1984. a p p r o x i m a t e l y  58 p e r c e n t  o f  

cadmium consumed i n  t h e  U n i t e d  S t a t e s  was impor ted,  m a i n l y  f r o m  Canada, 

A u s t r a l i a ,  Peru, and Mexico (U.S. 001, 1983; U.S. 001, 1985a,b). 

H i s t o r i c a l  n a t i o n a l  p r o d u c t i o n ,  i m p o r t a t i o n ,  and consumpt ion e s t i m a t e s  

a r e  g i v e n  i n  F i g u r e  111-1. The U.S. Department o f  t h e  I n t e r i o r  has f o r e c a s t  

an annual  i n c r e a s e  i n  cadmium consumpt ion o f  a p p r o x i m a t e l y  1.9 p e r c e n t  d u r i n g  

t h e  p e r i o d  1983-2000 (U.S. 001, 1985a). 

F i g u r e  111-2 d e p i c t s  t h e  n a t i o n a l  demand f o r  cadmium i n  1984 b y  m a j o r  use 

ca tegory .  The main u s e r  o f  cadmium (as  cadmium c h e m i c a l s )  i s  t h e  p l a t i n g  ,. 

i n d u s t r y .  Cadmium p l a t i n g  p r o v i d e s  e x c e l l e n t  p r o t e c t i o n  f o r  i r o n ,  s t e e l ,  

b rass  and aluminum a g a i n s t  c o r r o s i o n ,  e s p e c i a l l y  i n  m a r i n e  and a l k a l i n e  
I 

env i ronments .  H i s t o r i c a l l y ,  37 p e r c e n t  o f  cadmium consumpt ion i n  t h e  U n i t e d  
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S t a t e s  was f o r  p l a t i n g ,  wh ich  y i e l d s  an e s t i m a t e  o f  1,550 tons  i n  1984 (U.S. 

001, 19851 and 1985b; CARB, 1985a). The number o f  cadmium p l a t e r s  i n  

C a l i f o r n i a  i s  n o t  known; however, 31 cadmium p l a t e r s  have been l i s t e d  i n  t h e  

South  Coast  A i r  Q u a l i t y  Management D i s t r i c t  (SCAQMD) i n v e n t o r y  o f  p o t e n t i a l l y  

t o x i c  chemica ls  (Zw iacher  e t  al., 1983).  

Cadmium i s  a l s o  used e x t e n s i v e l y  by  t h e  b a t t e r y  i n d u s t r y  t o  produce 

n icke l -cadmium,  s i l v e r - c a d m i u m  and mercury-cadmium b a t t e r i e s .  Nickel-cadmium 

b a t t e r i e s  a r e  commonly used i n  a i r c r a f t ,  a l a r m  systems, cameras, c a l c u l a t o r s ,  

e t c .  (U.S. DOI, 1985a). There a r e  no n icke l -cadmium b a t t e r y  manu fac tu re rs  i n  

C a l i f o r n i a .  

Cadmium p igment  and s t a b i l i z e r  p r o d u c t i o n  accounted f o r  consumpt ion o f  

1,390 t o n s  o f  cadmium n a t i o n a l l y  i n  1984 (U.S. DOI, 1985b and CARB, 1985a). 

Cadmium s u l f i d e  and s u l f o s e l e n i d e  a r e  t h e  most i m p o r t a n t  compounds used i n  

p igments.  H igh  t e m p e r a t u r e  s t a b i l i t y ,  b r i l l i a n t  c o l o r s ,  h i g h  o p a c i t y ,  and 

@ r e s i s t a n c e  t o  chemica l  a t t a c k  and d e g r a d a t i o n  by l i g h t  a r e  c h a r a c t e r i s t i c s  o f  

cadmium pigments.  Cadmium compounds a r e  used as s t a b i l i z i n g  agents  i n  many 

p o l y v i n y l  c h l o r i d e  p r o d u c t s  such as c l e a r  sheet ,  f i l m  and t u b i n g ,  and 

cush ioned f l o o r  cover ing .  

Cadmium and i t s  compounds a r e  employed i n  a v a r i e t y  o f  o t h e r  uses. 

Cadmium s u l f i d e  and cadmium t e l l u r i d e  a r e  used i n  t h e  e l e c t r o n i c s  i n d u s t r y  t o  

produce p h o t o c e l l s  and l i g h t  e m i t t i n g  d iodes.  Cadmium meta l  a l l o y e d  w i t h  

copper  i s  used i n  t h e  p r o d u c t i o n  o f  a u t o m o b i l e  r a d i a t o r s .  I n  t i r e s ,  cadmium 

s u l f i d e  i s  used as a c u r i n g  agent. Cadmium s a l t s  such as cadmium sebacate,  

a r e  used i n  f u n g i c i d e s ,  and cadmium phosphate i s  used i n  f e r t i l i z e r s  

(Anderson, 1973; T i e r n e y  e t  a l . ,  1979). The cadmium c o n t e n t  o f  American 

phospha t i c  f e r t i l i z e r s  range f rom 3.48 t o  156 ppm (Hammons e t  a l . ,  1979).  



8. Sources o f  C u r r e n t  and P r o j e c t e d  Cadmium Emiss ions 

A p p r o x i m a t e l y  90 p e r c e n t  o f  cadmium e m i s s i o n  i n  C a l i f o r n i a  a r e  t h e  r e s u l t  

o f  e i t h e r  t h e  combust ion o f  f u e l s  o r  t h e  s m e l t i n g  o f  m e t a l s  wh ich c o n t a i n  

cadmium as a  t r a c e  contaminant .  Because o f  cadmium's h i g h  v o l a t i l i t y  r e l a t i v e  

t o  o t h e r  me ta ls ,  cadmium i s  v a p o r i z e d  by h i g h - t e m p e r a t u r e  processes and t h e n  

condenses on t h e  s u r f a c e  o f  p a r t i c l e s  i n  t h e  gas stream. Because i t  i s  

d e p o s i t e d  u n i f o r m l y  on t h e  s u r f a c e  o f  a l l  p a r t i c l e s ,  sma l l  p a r t i c l e s  w i t h  a  

l a r g e r  s u r f a c e  a rea  t o  volume r a t i o  a r e  found  t o  c o n t a i n  h i g h e r  c o n c e n t r a t i o n s  

o f  cadmium. For  many t ypes  o f  sources s i g n i f i c a n t  i n  C a l i f o r n i a ,  cadmium has 

been de te rm ined  t o  o c c u r  on p a r t i c l e s  m o s t l y  2 um i n  d i a m e t e r  o r  s m a l l e r  

( M i l  f o r d  and Davidson, 1985; Davison,  e t  a l . ,  1974).  A v a i l a b l e  i n f o r m a t i o n  

suggests  t h a t  cadmium i s  e m i t t e d  f r o m  t h e s e  s o u r c e  t y p e s  p r i n c i p a l l y  as o x i d e  

and s u l f a t e  compounds, and a l s o  p o s s i b l y  as f l u o r i d e ,  c h l o r i d e ,  and phosphate  

compounds. 

The r e m a i n i n g  1 0  p e r c e n t  o f  cadmium e m i t t e d  i n  t h e  s t a t e  i s  f r o w e i t h e r  

l ow- tempera tu re  sources such as cement m a n u f a c t u r i n g  and t i r e  wear, o r  f rom 

d i r e c t  e m i s s i o n  o f  cadmium compounds f r o m  cadmium p l a t i n g  o p e r a t i o n s .  

T a b l e  111-1 summarizes s t a t e w i d e  cadmium emiss ions.  

S t a t i o n a r y  Source Emiss ions 

A l t h o u g h  e l e c t r o p l a t i n g  r e p r e s e n t s  t h e  l a r g e s t  use o f  cadmium, e s t i m a t e d  

emiss ions  f rom cadmium p l a t i n g  i n  C a l i f o r n i a  a r e  l e s s  t h a n  t h r e e  p e r c e n t  o f  

e s t i m a t e d  t o t a l  emiss ions.  Most cadmium p l a t i n g  o p e r a t i o n s  use cadmium- 

c y a n i d e  b a t h s  (Dav is ,  1970 and Graham, 1971) ,  wh ich  a r e  made u p  o f  cadmium 



Tab le  111-1 

Es t ima ted  Cadmium Emiss ions i n  C a l i f o r n i a  

Source 

Secondary Sme l te rs  

Copper 
S t e e l  M i l l s  
Z i n c  

Source Emiss ions I n v e n t o r y  
Type ( t o n s l y e a r )  Year Reference 

Area 8.1 
Area 0.1 
Area 0.3 

Fuel  Combustion 

Coal P o i n t  0.2 1981 24.32 
D i s t i l l a t e  O i l  Area 0.6 1983 5,11 ,30 
Res idua l  O i l  Area 1.5-3.1 1984 1  ,4 -5 ,6 
D i e s e l  Area 0.4 1984 1  ,4 ,I8 
Waste O i l  Area 0.1 1983 6,10,28 

Cement M a n u f a c t u r i n g  P o i n t  0.02-1.1 1984 5 ,6 ,7 ,8 

Cadmium P l a t i n g  Area 0.6 1982 41 

Sewage Sludge I n c i n e r a t o r s  Area 0.4 1982 3,8,22 

Moto r  ~ e - h i c l e s  

Fuel Combustion Area 1.7 1984 5,26,36 
T i r e  Wear Area 0.9 1984 4.26.36 

o x i d e  o r  cadmium cyan ide  and sodium cyanide.  D u r i n g  t h e  p l a t i n g  process 

e l e c t r i c  energy decomposes w a t e r  i n  t h e  b a t h ,  e v o l v i n g  hydrogen and oxygen 

gases; these  gases c a r r y  cadmium i n  t h e  p l a t i n g  b a t h  t o  t h e  s u r f a c e  o f  t h e  

b a t h  and cause i t  t o  be e n t r a i n e d  w i t h  t h e  gases and e m i t t e d  t o  t h e  

atmosphere. I f  t h e  e f f i c i e n c y  o f  t h e  p l a t i n g  process i s  low,  g a s s i n g  w i l l  be 

h i g h  and cadmium emiss ions f rom p l a t i n g  process w i l l  a l s o  be h igh.  Based on 

t h e  South Coast  AQMD s u r v e y  (Zwiacher,  e t  a l . ,  1983), and assuming t h e  

d i s t r i b u t i o n  o f  cadmium p l a t e r s  i s  s i m i l a r  t o  chromium p l a t e r s ,  i t  i s  

e s t i m a t e d  t h a t  a p p r o x i m a t e l y  80 cadmium p l a t e r s  o p e r a t e  i n  C a l i f o r n i a .  

Cadmium emiss ions  f rom t h i s  source  a r e  e s t i m a t e d  t o  have been 0.6 t o n  i n  1982 

(see Appendix C f o r  c a l c u l a t i o n ) .  



Fuel combust ion a t  s t a t i o n a r y  sources  i s  r e s p o n s i b l e  f o r  a p p r o x i m a t e l y  

3-4 t o n s  o f  a i r b o r n e  cadmium p e r  year .  Res idua l  o i l  combust ion i s  t h e  l a r g e s t  

source o f  cadmium emiss ions  i n  t h i s  c a t e g o r y  and accoun ts  f o r  w e l l  o v e r  h a l f  

o f  t h e  e s t i m a t e d  cadmium emiss ions  f rom f u e l  combustion. 

The l a r g e s t  source o f  cadmium emiss ions  f rom f u e l  combust ion i s  o i l  and 

gas p r o d u c t i o n  a c t i v i t i e s .  U t i l i t i e s  a c c o u n t  f o r  0.7% t o  17% o f  cadmium 

emiss ions f rom f u e l  combust ion w i t h  t h e  rema inder  b e i n g  d i v i d e d  among s h i p s ,  

chemica l  manu fac tu re rs ,  i n d u s t r i a l  b o i l e r s ,  and o t h e r  f u e l  o i l  users .  Waste 

o i l  a l s o  c o n t a i n s  cadmium, c o n c e n t r a t i o n s  o f  wh ich have been measured a t  

l e v e l s  as h i g h  as  110 ppm ( F r a n k l i n  Assoc ia tes ,  Ltd., 1983). 

D u r i n g  combust ion,  t h e  t r a c e  l e v e l s  o f  cadmium i n  d i s t i l l a t e ,  r e s i d u a l ,  

d i e s e l ,  and waste o i l  a r e  e m i t t e d  i n t o  t h e  atmosphere. There i s  a  l a r g e  

v a r i a t i o n  i n  t h e  cadmium c o n t e n t  o f  r e s i d u a l  o i l .  Southern  C a l i f o r n i a  Ed ison 

(SCE) sampled o i l  i n  1986 a t  i t s  power p l a n t s  and r e p o r t e d  an average o f  0.01 

ppm cadmiurn (Southern  C a l i f o r n i a  Ed ison,  1986). PG&E sampled o i l s  a t  i t s  

power p l a n t s  and r e p o r t e d  an average cadmium c o n c e n t r a t i o n  o f  0.39 ppm ( range  

0.31 ppm t o  0.52 ppm) ( P a c i f i c  Gas and E l e c t r i c  Co., 1986).  Severa l  documents 

(Menczel , e t  a l . ,  1984; U.S. EPA, 1984; John J. Ya.tes & Assoc ia tes ,  1983; 

K r ? s h n a n  and H e l l w i g ,  1982) i n d i c a t e d  t h e  cadmium c o n c e n t r a t i o n  o f  r e s i d u a l  

o i l  t o  be as h i g h  as 1  ppm. Lower t r a c e  meta l  c o n c e n t r a t i o n s ,  s p e c i f i c a l l y  

cadmium, i n  r e s i d u a l  o i l  bu rned  a t  power p l a n t s  i n  t h e  South Coast  a r e  

a t t r i b u t e d  t o  t h e  South Coast  Ru le  431.2 wh ich  l i m i t s  t h e  s u l f u r  c o n t e n t  o f  

any l i q u i d  f u e l  burned a t  power p l a n t s  and r e f i n e r i e s  t o  0.25 p e r c e n t  (SCAQMD, 

I undated) . .  T h i s  i s  h a l f  t h e  0.50 p e r c e n t  s u l f u r  l i m i t  a p p l i e d  t o  l i q u i d  f u e l s  

1 burned i n  t h e  Bay Area (BAAQMD, 1984). S t a f f  have r e v i s e d  t h e  e s t i m a t e d  

I cadmium emiss ions  f rom r e s i d u a l  o i l  combust ion based on cadmium c o n t e n t  o f  

f u e l  o i l  r e p o r t e d  b y  SCE and PG&E (see Appendix C) .  

I 1  1-6 



Residual fuel  o i l  used by t h e  Ca l i fo rn ia  u t i l i t i e s  has decl ined s t e a d i l y  

s ince  1977, f a l l i n g  from 124 mi l l i on  b a r r e l s  i n  1977 t o  4.5 mi l l ion  b a r r e l s  in  

1985 ( C E C ,  1986a; C E C ,  1986b). In 1984, u t i l i t i e s  used approximately 16 

percent  o f  a l l  res idual  o i l  burned i n  t h e  s t a t e  (CARB, 1986a; C A R B ,  1986b). 

The Ca l i fo rn ia  Energy Commission (CEC) f o r e c a s t s  a  three- fo ld  inc rease  in 

res idual  o i l  use by the  u t i l i t y  indus t ry  from 1985 t o  1997 ( C E C ,  1986a; C E C ,  

1986b). By 2005, res idual  o i l  used by t h e  u t i l i t y  indus t ry  would r e tu rn  to  

t h e  1984 l eve l  ( C E C ,  1986a). The use of res idual  o i l  in  t h e  i n d u s t r i a l ,  

commercial and t r anspor t a t ion  s e c t o r s  i s  f o r e c a s t  t o  remain about t h e  same 

through the  year  2005 ( C E C ,  1986b). Because cadmium emissions from res idual  

o i l  combustion i s  d i r e c t l y  proport ional  t o  the amount used, cadmium emissions 

from res idual  o i l  combustion a r e  t h e r e f o r e  expected t o  inc rease  i n  t h e  next  

decade and then r e tu rn  t o  t h e  1984 leve l  by 2005. 

Cadmium emissions from coal combustion a r e  expected t o  inc rease  due t o  

t h e  inc rease  i n  coal consumption by var ious  i n d u s t r i  er .  l i v e  Cal i  fo rn ia  

cement p l an t s  have converted o r  plan t o  conver t  from a wet production process 

which uses na tura l  gas as  a  f u e l ,  t o  a  more e f f i c i e n t  dry process which o f t en  

uses coa l .  Coal consumption from cement manufacturers w i l l  a l s o  r i s e  due t o  

t h e ' i n c r e a s e  in t h e i r  c a p a c i t i e s .  In 1984, 11 cement manufacturers in  

Ca l i fo rn ia  produced 8.7 mi l l i on  tons  o f  cement (U.S. DOI, 1985d) and consumed 

a t o t a l  of approximately 1.6 mi l l i on  tons  o f  coal .  In 1985, t h e  Department of  

t h e  I n t e r i o r  f o r e c a s t  t h e  U.S. dement production i n  1990 and 2000 t o  be 77 

mi l l ion  tons  and 87 mi l l i on  t o n s ,  r e s p e c t i v e l y  (U.S. DOI, 1 9 8 5 ~ ) .  Based on 

United S t a t e s  and Ca l i fo rn ia  cement production da ta  f o r  1980 through 1984, 

Ca l i fo rn ia  produced an average of  11.2 percent  of  t h e  cement production i n  t h e  

nat ion (U.S. DO1 1985c,d). Assuming t h e  r a t i o  of  t h e  Ca l i fo rn ia  cement 

e production t o  t h e  United S t a t e s  i s  the  same in t h e  f u t u r e ,  Ca l i fo rn ia  cement 



product ion  i s  f o recas t  t o  be approximate ly  8.6 m i l l i o n  tons i n  1990 and 9.7 

m i l l i o n  tons i n  the  year  2001 

Approximately 0.17 ton  o f  coal i s  r e q u i r e d  as f u e l  t o  produce 1.0 t o n  o f  

cement. Assuming the  recent  degree o f  coa l  use cont inues i n t o  the  fu tu re ,  the  

C a l i f o r n i a  cement i n d u s t r y  i s  f o recas t  t o  use approximate ly  1.5 m i l l i o n  tons 

o f  coal i n  1990 and 1.6 m i l l i o n  tons i n  2000. 

Although a  number o f  coal  g a s i f i c a t i o n  programs have been o r  a r e  being 

considered by  the  u t i l i t y  i ndus t r y ,  o n l y  one p l a n t  i s  c u r r e n t l y  known t o  

gas i f y  coal i n  Southern C a l i f o r n i a .  Th is  p l a n t  used 108,000 tons o f  coal  from 

June 1984 through January 1985 (Wolk and Ho l t ,  1985). 

The compound form o f  cadmium emi t ted  from f o s s i l  f u e l  combustion has no t  

been determined. The general composit ion o f  p a r t i c u l a t e  ma t te r  emi t ted  from 

coal and o i l  combustion ( f l y  ash) has been studied,  and provides some i n s i g h t  

i n t o  t h e  poss ib le  compound forms o f  cadmium. Eatough, e t  a l . ,  (1981) repor ted  

s u l f a t e  t o  be e s s e n t i a l l y  the  o n l y  ac id -ex t rac tab le  anion present i n  o i l - f i r e d  

power p l a n t  f l y  ash smal le r  than 3  um ( c h l o r i d e  was present a t  0.1 mole 

percent  o f  s u l f a t e ) .  Henry and Knapp (1980) found t h a t  an average o f  65 

percent  o f  o i l  combustion f l y  ash was water  so luble;  exc lus i ve  o f  carbon, an 

ave r ige  o f  86 percent  o f  the  f l y  ash was water so luble.  S u l f a t e  was the  o n l y  

anion found above t race  values i n  t h e  water  so lub le  phase; metal  oxides were 

determined t o  comprise t h e  balance o f  t h e  f l y  ash. The range o f  water 

s o l u b i l i t y  i n  s i x  samples ranged from 23.3 " to  98.5 percent,  and the  percentage 

o f  s u l f a t e  ranged from 12 t o  58. This  range o f  values i s  cons i s ten t  w i t h  

D i e t z  and Weiser 's (1983) conclus ion t h a t  metal s u l f a t e  emissions from 

o i l - f i r e d  power p lan ts  a re  r e l a t e d  t o  f u e l  composit ion ( s u l f u r  and vanadium 

concent ra t ion) ,  combustion parameters (excess oxygen and temperature 



i n  t h e  combust ion chamber), and a i r  p o l l u t i o n  c o n t r o l  d e v i c e  t y p e  and 

performance. 

Cadmium i n  f l y  ash e m i t t e d  f rom c o a l  combust ion was de te rm ined  by  Hansen 

and F i s h e r  (1980),  and b y  Davidson, e t  a l . ,  (1974)  t o  be c o n c e n t r a t e d  a t  t h e  

s u r f a c e  o f  p a r t i c l e s .  Because t h e  v o l a t i l e  non-metals have a l s o  been 

de te rm ined  t o  o c c u r  on t h e  s u r f a c e  o f  f l y  ash p a r t i c l e s  (Smi th ,  1981),  Hansen 

e t  a l . ,  (1984) have p o s t u l a t e d  t h a t  cadmium may o c c u r  i n  c o a l  f l y  ash as  t h e  

f l u o r i d e ,  phosphate, o r  s u l f a t e .  The o c c u r r e n c e  o f  these  compounds on t h e  

p a r t i c l e  s u r f a c e  i s  t h o u g h t  t o  depend on t h e  c o n c e n t r a t i o n  o f  t h e  meta l  o x i d e  

a t  t h e  p a r t i c l e  s u r f a c e ,  t h e  c o n c e n t r a t i o n s  o f  HF, SO3, and P4010 i n  t h e  

f l u e  gas, and t h e  tempera tu re  and c o n t a c t  t i m e  o f  t h e  p a r t i c l e s  and f l u e  gas. 

Hansen and F i s h e r  (1980) showed t h a t  65 p e r c e n t  o f  a c i d - s o l u b l e  cadmium on 

r e s p i r a b l e  f l y  ash f rom c o a l  combust ion was w a t e r  s o l u b l e ;  t h i s  suggests  t h a t  

most cadmium occurs  i n  t h e  w a t e r - s o l u b l e  s u l f a t e ,  f l u o r i d e ,  o r  phosphate form, 

and t h a t  t h e  ba lance  i s  t h e  a c i d - s o l u b l e  o x i d e  o r  ca rbona te  fo rm (Gendreau, e t  

a l . ,  1980). 

The s i z e  d i s t r i b u t i o n  o f  cadmium on f o s s i l - f u e l  combust ion f l y  ash has 

been i n v e s t i g a t e d  b y  Davidson, e t  a l . ,  (1974),  Jacko and Neuendor f  (1977),  

Toca; e t  a l . ,  (1973),  Hansen and F i s h e r  (1980) ,  and o t h e r s .  The common 

c o n c l u s i o n  i s  t h a t  cadmium shows a  pronounced c o n c e n t r a t i o n  t r e n d  w i t h  

p a r t i c l e  s i z e ,  o c c u r r i n g  a t  i n c r e a s i n g  c o n c e n t r a t i o n s  on s m a l l e r  p a r t i c l e s .  

Emiss ions f rom secondary  s m e l t e r s  r e s u l t  f rom cadmium p r e s e n t  i n  s c r a p  

meta l  o r  feedstock.  Cadmium i s  n o t  r e c o v e r e d  f rom t h e s e  s m e l t e r s ,  cadmium 

p r e s e n t  i n  t h e  f e e d  m a t e r i a l s  wh ich  i s  n o t  c o l l e c t e d  b y  a i r  p o l l u t i o n  c o n t r o l  

d e v i c e s  i s  r e l e a s e d  t o  t h e  environment.  T a b l e  111-1 l i s t s  cadmium emiss ions  

f rom secondary  copper,  s t e e l  and z i n c  sme l te rs .  Together ,  secondary  s m e l t e r s  

e a r e  e s t i m a t e d  t o  have e m i t t e d  8.5 t o n s  o f  cadmium i n  1981. 



The compound forms of cadmium emitted from primary smelters have been 

determined to be the su l f a t e  and oxide forms (Eatough, e t  a l . ,  1981; Radian, 

1985). The extent t o  which cadmium would be emitted from secondary smelters 

as  the su l fa te  would depend on the amount of sulfur  present during smelting. 

We expect t h i s  t o  be much l e s s  in secondary than in primary smelting; 

therefore ,  we hypothesize t h a t  cadmium will  be emitted from secondary smelting 

primarily as cadmium oxide, and t o  a l e s s e r  extent as cadmium su l fa te .  

Cadmium emitted from secondary smelters i s  expected t o  exhibit  tendencies 

of surface enrichment, and therefore,  a trend of increasing concentration on 

small par t ic les .  Jacko and Neuendorf (1 977) showed tha t  par t ic les  emitted 

from pyrometallurgical processes have mass median diameters of l e s s  than 1.0 

u m ,  and tha t  a large percentage (30 t o  50)  of cadmium emitted from such 

processes i s  found on par t ic les  i n  the respirable  range ( l e s s  than 2.5 um 

diameter). This observation has been corroborated by Van Graen, e t  al . ,  

(1 903), who concluded tha t  surface enrichment of t race elements i n  par t ic les  

from high temperature processes i s  universal ,  based on analysis of dust from 

an e l e c t r i c  steel  making furnace. 

Of the secondary smelters, copper smelters a r e  the l a rges t  source of 

cadmium emissions. Processes in secondary copper include: a )  sweating scrap 

t o  remove low melting point metals or  burning t o  remove insulation from copper 

wire; b )  smelting and refining t o  obtain a certain type of copper; and c )  

al loying to  modify the f ina l  product. No control devices are  employed i n  wire 

burning; however, smelters and furnaces are  usually equipped with hoods and 

baghouses (Coleman, 1970) to  reduce d i r e c t  cadmium emissions. 

The ARB'S  Emissions Data System (EDS) includes 71 secondary copper 

smelters in California fo r  inventory year 1981. Using an emission factor  of 3 

lb. Cd per ton of scrap and assuming 90 percent control ,  cadmium emissions 



from copper sme l t e r s  were est imated t o  be 8.1 tons i n  1981 (Coleman, e t  a l . ,  

@ 1979 and C A R B ,  19856). 

The production o f  secondary lead c o n s i s t s  mainly of  melt ing down lead 

b a t t e r i e s ,  lead oxide d rosses ,  recycled d u s t  and metal s c r a p  in reverbera tory  

o r  b l a s t  furnaces a t  930 degrees C. Cadmium i s  re leased  i n  t h i s  process 

(Anderson, 1973). Based on a v a i l a b l e  d a t a ,  the  amount of  cadmium emitted from 

secondary l ead  smel te rs  in  Ca l i fo rn ia  i s  expected to  be small.  

Cadmium is present  as  an impuri ty i n  t h e  mater ia l  used t o  produce cement 

and i s  emit ted during cement production. Current ly ,  cement i s  produced by 

e i t h e r  a d ry  o r  a wet process. P a r t i c u l a t e  emissions,  inc luding  cadmium, from 

these  two processes d i f f e r  pr imar i ly  due t o  t h e  na ture  of  the  processes 

involved. Cadmium emissions from cement production f o r  both the  dry and t h e  

wet process were est imated t o  be between 0.02 and 1.1 ton during 1981 (see  

Appendix c ) .  

As t h e  r e s u l t  of  conversion from wet to  dry processes in  t h e  cement 

indus t ry  and expected inc reases  i n  t h e  p l a n t s '  c a p a c i t i e s  ( S i e r r a  Energy & 

Risk Assessment, Inc.,  1982) ,  cadmium emissions from cement manufacturing a r e  

expected t o  increase.  

The e s t ima te  of cadmium emit ted from sewage sludge inc ine ra t ion  was based 

on the  f r a c t i o n  of  cadmium in t h e  p a r t i c u l a t e  ma t t e r  and p a r t i c u l a t e  mat te r  

emissions from municipal sewage sludge i n c i n e r a t o r s  (Bennet t ,  e t  a l . ,  1982, 

Jacko e t  a l . ,  1977 and CARB,  198513). Cadmium emit ted from sewage s ludge  

inc ine ra t ion  has been shown t o  occur p r imar i ly  on p a r t i c l e s  l e s s  than 2 um in  

diameter  (Bennet t ,  e t  a l . ,  1984; Radian, 1985); t h i s  i s  c o n s i s t e n t  with the  

d i s t r i b u t i o n  observed i n  o t h e r  combustion emissions. The compound form 

emit ted may be s i m i l a r  t o  those  from municipal waste i n c i n e r a t i o n ,  which i s  

0 believed t o  be t h e  oxide. 



Resource r e c o v e r y  f a c i l i t i e s  a r e  p o t e n t i a l  sources o f  cadmium. I n  

m u n i c i p a l  s o l i d  waste  (HSW)-to-energy p l a n t s ,  cadmium p r e s e n t  i n  b a t t e r i e s ,  i n  

p l a s t i c s  (as s t a b i l i z e r s  o r  dyes),  o r  i n  o t h e r  forms, w i l l  v o l a t i l i z e  d u r i n g  

t h e  combus t ion  process.  The amount o f  cadmium e m i t t e d  depends on t h e  amount 

o f  cadmium p r e s e n t  i n  t h e  waste bu rned  and on t h e  e f f i c i e n c y  o f  e m i s s i o n  

c o n t r o l  equipment used t o  remove p a r t i c u l a t e  m a t t e r  from t h e  exhaus t  gas. F o r  

example, t h e  p o t e n t i a l  e m i s s i o n  o f  cadmium f rom a  p lanned MSW-to-energy 

f a c i l i t y  (based on c e r t a i n  assumpt ions abou t  t h e  c o n c e n t r a t i o n  o f  cadmium i n  

t h e  f e e d  and t h e  e f f i c i e n c y  o f  remova l ) ,  i s  abou t  5.9 k i l o g r a m s  (Kg) (13 

pounds) p e r  y e a r  ( see  Appendix C) .  

A t  t h i s  t ime ,  one MSW-to-energy f a c i l i t y  i s  o p e r a t i n g  i n  C a l i f o r n i a .  

Four  more have r e c e i v e d  t h e  a p p r o v a l  o f  r e g u l a t o r y  agencies.  More t h a n  t h i r t y  

r e s o u r c e  r e c o v e r y  f a c i l i t i e s  a r e  proposed f o r  c o n s t r u c t i o n  i n  C a l i f o r n i a .  

Cadmium e m i t t e d  f r o m  m u n i c i p a l  i n c i n e r a t o r s  has been de te rm ined  t o  be i n  

t h e  o x i d e  form, and i n  t h e  r e s p i r a b l e  s i z e  range (Radian, 1985).  Measurements 

b y  Greenberg e t  al. ,  (1978a, b ) ,  o f  cadmium on p a r t i c l e s  f rom m u n i c i p a l  

i n c i n e r a t o r s  showed t h a t  80 t o  95 p e r c e n t  o f  cadmium i s  found on p a r t i c l e s  o f  

2 urn d i a m e t e r  o r  s m a l l e r .  

Cadmium e m i s s i o n s  from f e r t i l i z e r  and p e s t i c i d e  a p p l i c a t i o n s  a r e  

e s t i m a t e d  t o  be l e s s  t h a n  4.6 Kg (10  pounds) p e r  y e a r  s ta tew ide .  

f t iob i le  Source Emiss ions 

Cadmium occurs  as  a  t r a c e  component i n  d i e s e l  f u e l ,  g a s o l i n e  and 

l u b r i c a t i n g  o i l .  When t h e s e  f u e l s  a r e  burned, cadmium i s e m i t t e d .  Combustion 

, o f  g a s o l i n e ,  d i e s e l ,  and l u b r i c a t i n g  o i l  f r o m  m o t o r  v e h i c l e s  i s  a  source o f  

1.7 t o n s  o f  cadmium emiss ions  p e r  year.  Cadmium e m i t t e d  on exhaust  
I 

I p a r t i c u l a t e  e x h i b i t s  su r face  en r i chment  (Keyser,  e t  a l . ,  1978). 



Because cadmium su l f ide  i s  used as a curing agent in t i r e s ,  par t icula te  

0 matter resul t ing from t i r e  wear contains cadmium. Based on the number of 

vehicle miles traveled in California and estimates of cadmium emitted i n  t i r e  

par t i cu la te ,  t i r e  wear i s  a source of 0.9 tonlyear of cadmium emissions (see 

Appendix C fo r  de t a i l s ) .  

Cadmium emitted from a t t r i t i o n  of t i r e  rubber i s  thought t o  occur as 

large par t ic les  which are rapidly deposited i n  the  immediate v i c in i t y  of the 

roadway. This i s  consistent  with a study by Johnston and Harrison (1984), who 

measured cadmium deposition ra tes  near a major English motorway; they found 

the highest concentration of part iculate-associated cadmium occurred 3.8 

meters from the road. Deposition ra tes  declined to  background leve ls  a t  a 

distance of 25 meters. 

Cadmium emissions from on-road motor vehicles a re  expected to increase 

due t o  an increase i n  vehicle population, vehicle miles traveled,  and changes 

in fuel consumption. Projected cadmium emissions from on-road motor vehicles 

from 1985 t o  2000 a re  depicted in Figure 111-3. 

C. FATE O F  ATMOSPHERIC CADMIUM 

Consideration of the  f a t e  of atmospheric cadmium includes both 

atmospheric reactions of cadmium compounds emitted from sources, and 

mechanisms of removal of atmospheric cadmium. There has been no 

characterization of atmospheric reactions of cadmium; however, there i s  

evidence of atmospheric reactions of metal oxides. I t  i s  possible t h a t  such 

reactions occur with cadmium oxides emitted from combustion sources. The 

mechanisms of removal of cadmium from the atmosphere have been studied in many 

areas ,  including an urban area in California.  
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Atmospher ic  R e a c t i o n s  

e Study  o f  t h e  plume c o n s t i t u e n t s  o f  a  l a r g e  c o a l - b u r n i n g  power p l a n t  by 

L i n d b e r g  and H a r r i s s  (1980)  i n d i c a t e d  t h a t  as t h e  d i s t a n c e  f rom t h e  s t a c k  

inc reased ,  t h e  wa te r  s o l u b i l i t y  o f  cadmium inc reased ,  and t h a t  cadmium on t h e  

s m a l l e s t  p a r t i c l e s  ( l e s s  t h a n  0.14 um) e x h i b i t e d  t h e  g r e a t e s t  r e l a t i v e  

i n c r e a s e  i n  c o n c e n t r a t i o n .  I t  was h y p o t h e s i z e d  t h a t  t h i s  i n c r e a s e  i n  

s o l u b i l i t y  was due m o s t l y  t o  vapor  condensa t ion  on t h e  f i n e  a e r o s o l s ,  c a u s i n g  

t h e  f o r m a t i o n  o f  t h i n ,  h i g h l y  s o l u b l e  c o a t i n g s .  Hansen, e t  a l . ,  (1984)  have 

subsequen t l y  i d e n t i f i e d  p o s s i b l e  s p e c i f i c  r e a c t i o n s  o f  me ta l  o x i d e s  (on c o a l  

f l y  ash)  wh ich  e x p l a i n  t h e  i n c r e a s e  i n  cadmium s o l u b i l i t y  w i t h  plume "aging".  

These r e a c t i o n s  i n c l u d e  t h e  f o r m a t i o n  o f  phosphates,  f l u o r i d e s ,  and s u l f a t e s :  

Another  r e a c t i o n  o f  me ta l  o x i d e s  on  c o a l  f l y  ash has been i d e n t i f i e d  

(Bauer and Natusch,  1981). I t  was observed t h a t  me ta l  o x i d e s  i n  c o a l  f l y  ash 

c o u l d  r e a c t  w i t h  C02 t o  form meta l  carbonates.  The r a p i d  c h e m i s o r b t i o n  o f  

CO was judged f a v o r a b l e  f o r  some m e t a l  oxides.  I f  such a  r e a c t i o n  o c c u r s  
2  

f o r  e m i t t e d  cadmium o x i d e ,  t h e  s o l u b i l i t y  o f  t h e  cadmium a e r o s o l  w i l l  rema in  

unchanged, s i n c e  b o t h  t h e  o x i d e  and ca rbona te  s a l t s  a r e  i n s o l u b l e  i n  water.  

Removal o f  Cadmium 

* Cadmium i s  removed f r o m  t h e  atmosphere through.phys ica1 processes;  b o t h  

wet  and d r y  d e p o s i t i o n  have been judged  t o  be s i g n i f i c a n t .  L indberg ,  e t  a l . ,  

(1982) i d e n t i f i e d  a  w i d e  range o f  t r a c e  meta l  d e p o s i t i o n  mechanisms and r a t e s ,  
t 



depending on the  meteorology, canopy c h a r a c t e r i s t i c s ,  o r  d i f f e rences  i n  l o c a l  

o r  reg iona l  emissions. 

Oavidson (1980) found t h a t  the  rough surface d r y  depos i t i on  v e l o c i t i e s  o f  

cadmium va r ied  over a  20 - fo ld  range. For a  s i t e  i n  Pasadena, est imates o f  the 

depos i t i on  f l u x  o f  cadmium ranged from 0.30 t o  0.67 ng/cm2 day, depending on 

t h e  depos i t i on  model used. Struempler (1975) measured the  depos i t i on  o f  

2 cadmium i n  p r e c i p i t a t i o n  t o  be 0.033 ng/cm /day a t  a  r u r a l  s i t e  i n  Nebraska. 

Based on the  residence t ime o f  aerosols,  cadmium i s  expected t o  have a  

residence t ime o f  seven days i n  t h e  atmosphere (U.S. EPA, 1980). 
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I V .  PUBLIC EXPOSURE 

A. Atmospher ic  C o n c e n t r a t i o n s  

D u r i n g  1985, ARB s t a f f  c o l l e c t e d  t o t a l  suspended p a r t i c u l a t e  m a t t e r  (TSP) 

a t  21 a i r  m o n i t o r i n g  s t a t i o n s  i n  C a l i f o r n i a  t o  be ana lyzed  f o r  t r a c e  meta ls .  

H i  gh-volume samplers were used t o  c o l l e c t  24-hour samples o f  a tmospher i c  

p a r t i c u l a t e  m a t t e r  o f  50 um and s m a l l e r  d i a m e t e r  ( 5 0  p e r c e n t  s i z e  c u t o f f ) .  

M o n i t o r i n g  s i t e s  met c r i t e r i a  f o r  p o p u l a t i o n  o r i e n t e d  exposure f o r  t h e  

c r i t e r i a  p o l l u t a n t s ;  a l l  s i t e s  a r e  i n  p o p u l a t e d  urban areas. Samples were 

c o l l e c t e d  a t  most  s i t e s  e v e r y  e i g h t  days. 

A n a l y s i s  was per formed f o r  each f i l t e r  i n d i v i d u a l l y ;  f l ame a t o m i c  

a b s o r p t i o n  s p e c t r o p h o t o m e t r y  was used t o  de te rm ine  a c i d - e x t r a c t a b l e  cadmium. 

The method i s  d e s c r i b e d  i n  Appendix D. A d e t e c t i o n  l i m i t  o f  cadmium i n  a i r  

o f  1.0 ng/m3, w i t h  a p r e c i s i o n  and a c c u r a c y  o f  - + 15 pe rcen t ,  has been 

de te rm ined  f o r  t h e  method. 

0 Data - a r e  a v a i l a b l e  f o r  t h e  f i r s t  s i x  months o f  1985. The range o f  

samples a t  each s i t e  above t h e  d e t e c t i o n  l i m i t  ranged f rom 1 3  t o  100 p e r c e n t ,  

w i t h  an average o f  50 p e r c e n t  above t h e  d e t e c t i o n  l i m i t  f o r  a l l  data.  To 

e s t i m a t e  t h e  p o s s i b l e  range o f  t h e  ave rage  c o n c e n t r a t i o n  a t  each s i t e ,  two 

methods were used. The f i r s t ,  termed t h e  z e r o  t r e a t m e n t  method, e s t i m a t e s  

t h e  range b y  a s s i g n i n g  maximum and minimum va lues  t o  a l l  d a t a  be low t h e  

d e t e c t i o n  l i m i t .  The second method, a s t a t i s t i c a l  t r e a t m e n t ,  assumes t h e  

d a t a  i s  l o g n o r m a l l y  d i s t r i b u t e d  and uses s t a n d a r d  s t a t i s t i c a l  t echn iques  t o  

e s t i m a t e  t h e  u n c e r t a i n t y  o f  t h e  average c o n c e n t r a t i o n .  A l though  t h e  second 

method i s  b e l i e v e d  t o  g i v e  t h e  b e s t  e s t i m a t e  f o r  t h e  average, t h e  f i r s t  

method i s  i n c l u d e d  t o  show t h e  u n c e r t a i n t y  t h a t  a r i s e s  



f r o m  h a v i n g  d a t a  below t h e  d e t e c t i o n  l i m i t .  I n  most  cases t h e  p o s s i b l e  range  

o f  average c o n c e n t r a t i o n  i s  smal l .  

The z e r o  t r e a t m e n t  method a s s i g n s  two d i f f e r e n t  va lues  t o  t h e  d a t a  be low 

t h e  LOD i n  o r d e r  t o  c a l c u l a t e  t h e  range  a r i t h m e t i c  averages:  i n  t h e  f i r s t ,  

o r  minimum average e s t i m a t e ,  z e r o  was s u b s t i t u t e d  f o r  va lues  r e p o r t e d  be low 

t h e  d e t e c t i o n  1  i m i t .  Fo r  t h e  second, o r  maximum average e s t i m a t e ,  t h e  

3 
d e t e c t i o n  l i m i t  v a l u e  (1.0 ng/m ) was s u b s t i t u t e d  f o r  va lues  r e p o r t e d  be low 

t h e  d e t e c t i o n  l i m i t .  These "min" and "max" v a l u e s  t h e r e f o r e  r e p r e s e n t  t h e  

upper  and l o w e r  e s t i m a t e s  o f  mean c o n c e n t r a t i o n s  p o s s i b l e  a t  each s i t e .  The 

average c o n c e n t r a t i o n s  d e r i v e d  u s i n g  t h i s  z e r o  t r e a t m e n t  method a r e  shown i n  

Tab le  IV-1. 

Data f rom t h e  ARB'S m o n i t o r i n g  s t a t i o n s  were used t o  e s t i m a t e  r e s i d e n t i a l  

p o p u l a t i o n  exposure t o  ambient  cadmium i n  t h e  South  Coast  A i r  Basin,  t h e  San 

F r a n c i s c o  Bay Area A i r  Bas in ,  t h e  San Joaqu in  V a l l e y  A i r  Bas in ,  San Diego A i r  

Bas in ,  South  C e n t r a l  Coast  A i r  Bas in ,  and Sacramento County. Exposures o v e r  

t h e  San F r a n c i s c o  Bay Area and t h e  South  Coast  a i r  b a s i n s  were e s t i m a t e d  b y  

i n t e r p o l a t i n g  s t a t i o n  v a l u e s  t o  census t r a c t  c e n t r o i d s .  Exposures f o r  t h e  

r e m a i n i n g  a i r  b a s i n s  were e s t i m a t e d  by assuming t h e  e n t i r e  p o p u l a t i o n  i n  each 

a rea  i s  exposed t o  t h e  a r i t h m e t i c  mean c o n c e n t r a t i o n  f rom a l l  samp l ing  s i t e s  

i n  t h e  a i r  bas in .  T a b l e  I V - 2  shows t h e  average cadmium c o n c e n t r a t i o n s  f o r  

each a i r  basin.  Fo r  t h e  South  Coas t  and t h e  San F r a n c i s c o  Bay Area a i r  

b a s i n s ,  t h e s e  a r e  p o p u l a t i o n  w e i g h t e d  averages based on t h e  c o n c e n t r a t i o n s  

i n t e r p o l a t e d  t o  each census t r a c t .  Average cadmium c o n c e n t r a t i o n s  range f r o m  

3 
l e s s  than  1  ng/m f o r  Sacramento County t o  2.5 ng/m3 f o r  t h e   an 
F r a n c i s c o  Bay Area a i r  bas in .  

The 1985 r e s i d e n t i a l  p o p u l a t i o n  i n  C a l i f o r n i a  was about  26.4 m i l l i o n  

people.  The p o p u l a t i o n  r e p r e s e n t e d  i n  t h e  s i x  areas covered i n  o u r  exposure 



TABLE IV-1 

1985 AVERAGE CADMIUM CONCENTRATIONS 
ARB CADMIUM SAMPLING NETWORK 

BASED ON DIFFERENT ZERO VALUE TREATMENTS* 
( S i x  Months Data)  

AVERAGES (ng/m3) # SAMPLES TOTAL # 
RANK SITE I D  LOCATION MIN MAX ABOVE LOD SAMPLES 

Concord 5.5 
E l  Monte 4.1 
Richmond 2.9 
San F r a n c i s c o  2.5 
Merced 1.9 

Los Angeles 1.1 
San Jose 1.1 
Fremont 0.8 
Fresno 0,7 
E l  Cajon 0.8 

Santa Barbara 0.7 
P i  t t s b u r g  0.7 
P i c o  R i v e r a  0.5 
Upland 0.5 
S t o c k t o n  0.4 

Modesto 0.4 
S im i  V a l l e y  0.3 
No. Long Beach 0.3 
B a k e r s f i e l d  0.3 
C i t r u s  H e i g h t s  0.3 

Rubidoux 0.2 
- - 

STATEWIDE 1.2 

*Zero v a l u e  t r e a t m e n t  a s s i g n s  a l l  o b s e r v a t i o n s  w h i c h  a r e  be low t h e  LOO a v a l u e  
o f  0 ng/m3 i n  c a l c u l a t i n g  t h e  "MIN" ave rage  and 1 ng/m3 i n  c a l c u l a t i n g  
t h e  "MAX" average. 



TABLE IV-2 

1985 AVERAGE AMBIENT CADMJUM EXPOSURE ESTIMATES 
BASED O N  ZERO VALJE TREATMENTS 

(Six Months Data) 

1985 AVERAGE CADMIUM EXPOSURE 
(ng/m3) 

AIR BASINICOUNTY MINIMUM MAXIMUM POPULATION 
( m i l l i o n s )  

San Francisco Bay Area 2.3 2.5 4.4 

South Coast 1.3 1.8 10.1 

San Joaquin Valley 0.7 1.3 2.3 

San Diego 0.8 1 . O  2.1 

South Central Coast 0.5 1 . O  1.1 

Sacramento County 0.3 1.0 0.9 

TOTALS 1.3 1.8 20.9 

a n a l y s i s  i s  about 21.0 mi l l i on  people. No cadmium exposure e s t ima tes  have 

been made f o r  the remaining 5.4 m i l l i o n  people. The following d iscuss ion  o f  

population exposure i s  based on an exposed population of  21 mi l l i on  people. 

Figure IV-1 shows est imated cumulat ive population exposure f o r  t h i s  

population using both zero value t rea tments .  The r e s u l t s  of  th i s  method 

i n d i c a t e  t h a t  approxmately 10 mi l l ion  people a r e  exposed t o  annual average 
3 concent ra t ions  o f  cadmium of  a t  l e a s t  1.3 ng/m f o r  the  minimum average 

3 es t imate  and 1.8 ng/m f o r  the  maximum average est imate.  Approximately one 

mi l l i on  people a r e  exposed t o  annual average concent ra t ions  of cadmium o f  a t  

3 l e a s t  3.4 ng/m f o r  t h e  minimum average e s t ima te  and 3.6 n g / m 3  f o r  t h e  

maximum average es t imate .  

The range o f  cadmium exposure by using t h e  two zero t rea tments  does not  

inc lude  unce r t a in ty  a r i s i n g  from t h e  small sample s i z e  o r  from l a r g e  var iance  

i n  measurements. To b e t t e r  es t imate  the  probable range of  t h e  average 

atmospheric cadmium concent ra t ion ,  we have developed a s t a t i s t i c a l  t rea tment  

f o r  c a l c u l a t i n g  95% confidence i n t e r v a l s  f o r  t h e  mean concent ra t ion  a t  each 

IV-4 





s t a t i o n .  T h i s  t r e a t m e n t  i s  b e l i e v e d  t o  p r o v i d e  a  b e t t e r  e s t i m a t e  o f  t h e  t r u e  

u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  c a l c u l a t e d  mean because i t  i n c l u d e s  f a c t o r s  

such as  sample s i z e ,  s t a n d a r d  d e v i a t i o n s  o f  t h e  data,  and an e s t i m a t e  o f  t h e  

u n c e r t a i n t y  o f  t h e  sample c o l l e c t i o n  and a n a l y s i s  procedures.  A d e s c r i p t i o n  

o f  t h e  s t a t i s t c a l  t r e a t m e n t  f o l l o w s .  A s c a t t e r  p l o t  o f  t h e  cadmium d a t a  

i n d i c a t e d  t h a t  t h e  d a t a  i s  p r o b a b l y  d i s t r i b u t e d  l o g n o r m a l l y .  S ince  t h i s  i s  

commonly t h e  case f o r  a tmospher i c  p o l l u t a n t s ,  i t  was assumed t h a t  t h e  r e a l  

d i s t r i b u t i o n  o f  ambient  cadmium c o n c e n t r a t i o n s  i s  lognormal .  Because 

a v a i l a b l e  s o f t w a r e  o n l y  ana lyzes  d a t a  t h a t  i s  n o r m a l l y  d i s t r i b u t e d ,  t h e  

cadmium d a t a  was f i r s t  c o n v e r t e d  f rom a  lognorma l  d i s t r i b u t i o n  t o  a  normal 

d i s t r i b u t i o n .  T h i s  was done b y  u s i n g  t h e  l o g a r i t h m  o f  t h e  d a t a  f o r  t h e  

a n a l y s i s .  The l o g a r i t h m s  o f  d a t a  t h a t  i s  l o g n o r m a l l y  d i s t r i b u t e d  a r e  

themselves n o r m a l l y  d i s t r i b u t e d .  The s t a t i s t i c a l  a n a l y s i s  system (SAS, 1982) 

s o f t w a r e  package was used f o r  t h e  a n a l y s i s .  A d d i t i o n a l l y ,  t o  comple te  t h e  

a n a l y s i s ,  i t  was assumed t h a t  t h e  u n c e r t a i n t y  f o r  samp l ing  and a n a l y s i s  was 

15% and t h a t  d a t a  below t h e  LOD was equa l  t o  112 o f  t h e  LOD value.  S e t t i n g  

a l l  v a l u e s  be low LOD t o  1 /2  t h e  LOO v a l u e  i s  expec ted  t o  b i a s  t h e  c o n f i d e n c e  

i n t e r v a l s  t o  t h e  h i g h  s i d e  o f  t h e  mean. 

The r e s u l t i n g  95% c o n f i d e n c e  i n t e r v a l  f o r  each s t a t i o n  i s  shown i n  F i g u r e  

IV-2. The c a l c u l a t e d  range o f  exposure i s  d i f f e r e n t  f rom t h a t  based on t h e  

ze ro  v a l u e  t r e a t m e n t .  Fo r  example, t h e  95% c o n f i d e n c e  i n t e r v a l  c a l c u l a t e d  

u s i n g  t h e  s t a t i s t i c a l  t r e a t m e n t  f o r  t h e  Concord s i t e  i s  2.96 t o  10.81 

3 3 
ng/m . T h i s  compares t o  a  range  o f  5.5 t o  5.9 ng/m c a l c u l a t e d  u s i n g  t h e  

p r e v i o u s l y  d i s c u s s e d  ze ro  v a l u e  t r e a t m e n t .  We b e l i e v e  t h e  c o n f i d e n c e  

i n t e r v a l s  f rom t h e  second method p r o v i d e  a  more r e a l i s t i c  e s t i m a t e  o f  t h e  

u n c e r t a i n t y  i n  t h e  a c t u a l  average. The e s t i m a t e d  95% c o n f i d e n c e  i n t e r v a l s  

f o r  each s t a t i o n  a r e  shown i n  T a b l e  IV-3. Comparisons o f  t h e  e s t i m a t e d  
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TABLE IV-3 

1985 AVERAGE CADMIUM CONCENTRATICNS 

ARB CADMIUM SAMPLING NETWORK 

WITH 95% CONFIDENCE INTERVALS 

( S i x  Months Data) 

AVERAGES (ng/m3) # SAMPLES TOTAL # 
RANK SITE I D  LOCATION M I  N M I D  MAX ABOVE LOD SAMPLES 

1 0700440 Concord 3.0 5.7 10.8 2 2 36 
2 7000579 E l  Monte 2.6 4.1 6.4 15 15 
3 0700433 Richmond 1.9 3.0 4.6 30 32 
4 9000304 San Franc isco 1.6 2.5 4.0 26 31 
5 2400521 Merced 1.2 1.9 3.1 13 15 

6 7000087 Los Angeles 0.9 1.4 2.2 13 29 
7 4300382 San Jose 0.9 1.3 1.9 18 30 
8 6000336 Fremont 0.7 1.1 1.6 16 3 1 
9 1000234 Fresno 0.6 0.9.  1.3 12 22 
10 8000131 El  Cajon 0.6 0.9 1.2 15 21 

Santa Barbara 0.6 0.9 1.2 
P i t t s b u r g  0.6 0.8 1.2 
P ico  R ivera  0.6 0.8 1 - 2  
Upland 0.6 0.8 1.1 
Stockton 0.5 0.8 1 .O 

Modesto 0.5 0.7 1 .O 
Simi V a l l e y  0.5 0.7 0.9 
No. Long Beach 0.5 0.7 0.9 
B a k e r s f i e l d  0.5 0.6 0.9 
C i t r u s  He igh ts  0.5 0.6 0.9 

21 3300144 Rubidoux 0.4 0.6 0.8 4 31 
-- - - - - - 

STATEWIDE 0.9 . '  1.5 2.3 269 536 



ranges i n  annual  average c o n c e n t r a t i o n s  on a  s i t e  b y  s i t e  b a s i s  (Tab les IV-1 

and I V - 3 )  show t h a t  t h e  z e r o  v a l u e  t r e a t m e n t s  become u n i m p o r t a n t  when 

con f idence  i n t e r v a l s  a r e  used t o  e s t i m a t e  u n c e r t a i n t y  i n  annual  averages. 

The use o f  t h e  z e r o  v a l u e  t r e a t m e n t  u s u a l l y  r e s u l t s  i n  a  s m a l l e r  range o f  

u n c e r t a i n t y  when compared t o  t h e  c o n f i d e n c e  i n t e r v a l  method except  when 

averages a r e  near  t h e  LOD. When averages a r e  n e a r  t h e  LOD b o t h  methods g i v e  

comparable ranges. 

P o p u l a t i o n  exposures were a l s o  i n t e r p o l a t e d  f o r  t h e  upper  and l o w e r  

c o n f i d e n c e  i n t e r v a l s  f o r  t h e  South Coast and San F r a n c i s c o  a i r  basins.  The 

r e s u l t i n g  average exposures f o r  each a i r  b a s i n  a r e  shown i n  Table  IV-4. The 

range i n  exposure i s  g r e a t e r  than  shown i n  Table  IV -2 ,  w h i l e  t h e  mean i s  t h e  

same. The annual average cadmium c o n c e n t r a t i o n  (we igh ted  b y  p o p u l a t i o n )  f o r  

t h e  San Franc isco  Bay Area A i r  Bas in  i s  now e s t i m a t e d  t o  range f rom 1.5 t o  

3  4.7 ng/m w h i l e  Tab le  IV-2 ( r e f l e c t i n g  d i f f e r e n c e s  due t o  z e r o  v a l u e  

3 
' 

t r e a t m e n t s )  shows a  range o f  2.3 t o  2.5 ng lm . On a  s t a t e w i d e  b a s i s ,  we 

now e s t i m a t e  t h a t  50% o f  t h e  p o p u l a t i o n  i s  exposed t o  a t  l e a s t  1.5 ng/m 
3  

3  
cadmium, as b e f o r e ,  b u t  t h e  range i n c r e a s e s  f rom 1.3 - 1.8 ng/m t o  1.0 - 

3  2.5 ng/m . F i v e  p e r c e n t  o f  t h e  p o p u l a t i o n  i s  exposed t o  a t  l e a s t  3.5 

3  3 
ng/m w i t h  t h e  range b e i n g  expanded f rom 3.4 - 3.6 ng/m t o  1.8 - 5.6 

3  
ng lm . F i g u r e  IV-3 shows cadmium c o n c e n t r a t i o n s  p l o t t e d  a g a i n s t  c u m u l a t i v e  

p o p u l a t i o n  f o r  t h e  mean and t h e  l o w e r  and upper  95% c o n f i d e n c e  l i m i t s .  

Data a r e  a v a i l a b l e  f o r  o n l y  s i x  months (Jan - June) o f  1985. To 

i n v e s t i g a t e  whether  c o n c e n t r a t i o n  averages c a l c u l a t e d  f r o m  t h i s  d a t a  a r e  

r e p r e s e n t a t i v e  o f  annual  average c o n c e n t r a t i o n s  averages, d a t a  f rom o t h e r  

sources were used t o  compare seasonal averages w i t h  annual  averages. 





TABLE IV-4 

1985 ANNUAL AMBIENT CADMIUM EXPOSURE ESTIMATES 
WITH 95% CONFIDENCE INTERVALS 

( S i x  Months Da ta )  

1985 AVERAGE CADMIUM EXPOSURE 
(ng/m3) 

A I R  BASIN/COUNTY LOW MEAN HIGH POPULATION 
( m i l l i o n s )  

San F r a n c i s c o  Bay Area 1.5 2.4 4.7 4.4 

South  Coast  1 .O 1.5 2.3 10. 

San Joaquin  V a l l e y  0.7 1.0 1.5 2.3 

San Diego 0.6 0.9 1.2 2.1 

South  C e n t r a l  Coast  0.5 0.8 1 .O 1.1 

Sacramento County 0.5 0.6 0.9 0.9 

TOTALS 1.0 1.5 2.5 20.9 

Q Data c o l l e c t e d  b y  EPA i n  1977 i n  C a l i f o r n i a  show t h a t  t h e  r a t i o  o f  t h e  

f i r s t  h a l f  (Jan-June) t o  second h a l f  ( Ju l y -Dec)  o f  t h e  y e a r  f o r  cadmium 

c o n c e n t r a t i o n  averages v a r i e d  f rom s i t e  t o  s i t e  (Tab le  IV-5) .  The r a t i o s  - 
ranged f rom 0.4 t o  2.4 w i t h  t h e  o v e r a l l  r a t i o  b e i n g  1  f o r  a l l  s i t e s .  We a r e  

u n c e r t a i n  whether  t h e  d i f f e r e n c e s  i n  r a t i o s  between s i t e s  r e p r e s e n t  r e a l  

d i f f e r e n c e s  i n  t h e  ambient  c o n c e n t r a t i o n  o r  a  consequence o f  t h e  s m a l l  sample 

s i ze .  When t h e  d a t a  i s  examined f o r  r e g i o n a l  t r e n d s ,  t h e  r a t i o s  f o r  t h e  San 

F r a n c i s c o  Bay Area range from 0.6 t o  2.4 and t h e r e  i s  a range  o f  0.4 t o  1.9 

f o r  t h e  Los Angeles Area. The seasonal v a r i a t i o n  o f  a tmospher i c  cadmium a t  

an urban and a t  a r u r a l  s i t e  i n  England showed t h a t  w i n t e r  (Oct-March) means 

were h i g h e r  than  s u m e r  ( A p r i l - S e p t )  means. ( H a r r i s o n  and W i l l  iams, 1982). 

T h i s  may be due t o  i n c r e a s e d  emiss ions  o f  cadmium f rom i n c r e a s e d  f o s s i l  f u e l  



TABLE IV -5  

AVERAGE CADMIUM CONCENTRATIONS DURING 1977 - FROM EPA DATABASE 

FIRST HALF SECOND HALF 
CADblIUN TOTAL # CADMIUM TOTAL # RATIO 

LOCATION (ng/m3) SAMPLES (ng/m3) SAMPLES 

Anaheim 

B e r k e l e y  

Burbank 

Fresno 

Los Angeles 

Long Beach 

Oak1 and 

O n t a r i o  

Pasadena 

Sacramento 

San Bernad ino  

San Oiego 

San F r a n c i s c o  

Say Jose 

Santa Ana 

Tor rance  

OVERALL AVERAGE 1.0 



combust ion d u r i n g  t h e  c o l d e r  w i n t e r  months. The January  t h r o u g h  June p e r i o d  

f o r  wh ich  we have 1985 d a t a  i n c l u d e s  b o t h  ' w i n t e r '  months and 'summero 

months. Because t h e  o v e r a l l  r a t i o  f o r  t h e  f i r s t - t o - s e c o n d  h a l f  mean 

c o n c e n t r a t i o n s  was 1.0, t h e  s a m p l i n g  p e r i o d  i n c l u d e s  b o t h  summer and w i n t e r  

months, and ARB s i t e s  c o v e r  t h e  same a reas  as t h e  EPA s i t e s ,  we b e l i e v e  t h a t  

t h e  average c o n c e n t r a t i o n s  c a l c u l a t e d  from t h e  a v a i l a b l e  d a t a  p r o v i d e  a  

reasonab le  e s t i m a t e  o f  annual  average c o n c e n t r a t i o n s  f o r  a l l  o f  t h e  

C a l i f o r n i a  s i t e s .  However, t h e  annual  average c o n c e n t r a t i o n  a t  i n d i v i d u a l  

s i t e s  c o u l d  be d i f f e r e n t  f rom t h e  ARB average b y  a  f a c t o r  o f  2; s i t e - s p e c i f i c  

r a t i o s  a r e  between o n e - h a l f  and two. 

F u r t h e r  ev idence  t o  s u p p o r t  t h i s  c o n c l u s i o n  i s  t h a t  t h e  e s t i m a t e s  o f  

average cadmium c o n c e n t r a t i o n  p resen ted  i n  t h i s  r e p o r t  a r e  i n  t h e  range o f  

c o n c e n t r a t i o n s  measured b y  o t h e r s  i n  Cal i f o r n i a .  Sal  tzman, e t .  al., (1 985) . 
c a l c u l a t e d  a  annual  geomet r i c  mean cadmium c o n c e n t r a t i o n  f o r  t h e  Los Angeles 

3 
' a r e a  o f  2 ng im . Sampl ing was c a r r i e d  o u t  a t  e i g h t  s i t e s  d u r i n g  1968-1969; 

1 ,841 samples were c o l l e c t e d .  The a u t h o r s  r e p o r t e d  t h a t  on1 y a  sma l l  

f r a c t i o n  o f  samples were be low t h e  d e t e c t i o n  l i m i t ,  i n  wh ich case a  v a l u e  o f  

o n e - h a l f  t h e  d e t e c t i o n  l i m i t  was s u b s t i t u t e d .  A lso,  d a t a  on  a tmospher i c  

cadmium i n  C a l i f o r n i a  were ga the red  by  t h e  U.S. EPA d u r i n g  1977. The U.S. 

EPA d a t a  c o n t a i n e d  a  g r e a t e r  pe rcen tage  t h a n  c u r r e n t  ARB d a t a  o f  va lues  below 

t h e  d e t e c t i o n  l i m i t ,  wh ich  l i m i t e d  i t s  use fu lness  i n  e s t i m a t i n g  p o p u l a t i o n  

exposure. 

The s i z e  d i s t r i b u t i o n  o f  cadmium and i t s  compounds were n o t  de te rm ined  i n  

t h e  ARB'S measurements. Work b y  o t h e r s  on  t h e  s i z e  d i s t r i b u t i o n  o f  cadmium 

have shown t h a t  cadmium e x h i b i t s  a  tendency  t o  be p r e s e n t  a t  h i g h e r  

c o n c e n t r a t i o n s  on sma l l  p a r t i c l e s  and t o  be d i s t r i b u t e d  b i - m o d a l l y ,  w i t h  a  



concent ra t ion  maximum i n  t h e  1 um range, and a sma l l e r  mode i n  t h e  3-10 um 

range. Harr ison,  et.  al .  (1971) showed t h i s  f o r  urban aerosols i n  Michigan. 

Lee, e t .  al . ,  (1968) est imated t h e  mass median diameter o f  cadmium a t  an 

urban and a r u r a l  s i t e  t o  be 3.1 um and 10 um respec t i ve l y .  However, the 

sampling procedure employed by Lee, et.  al., has been shown t o  b ias  the  data 

t o  l a r g e r  p a r t i c l e  s izes,  due t o  l a r g e  p a r t i c l e  bounce o f f  i n  the  f i r s t  

impactor stages (Dzubay, et .  al., 1976; Lawson, 1980). Work on cadmium s i z e  

d i s t r i b u t i o n  i n  remote areas (Davidson, et .  al., 1985) y i e l d e d  est imates o f  

mass median diameters (MMD) o f  0.28 and 0.56 om. Measurements i n  Europe o f  

cadmium p a r t i c l e  s i z e  (away from known cadmium sources) gave an est imate o f  

0.4 um MMD, and a f r a c t i o n  o f  64 percent  below 1.1 um (Duc and Favez, 1981). 

The MMD of atmospheric cadmium i n  Glasgow was determined t o  be 0.6 um 

(McDonald and Duncan, 1979). Davidson, et.  al., (1981) repor ted  a cadmium 

MMD o f  1.5 um i n  an i n d u s t r i a l  sec t i on  o f  P i t t sbu rg ,  w i t h  a bimodal 

d i s t r i b u t i o n  observed. M i l f o r d  and Davidson (1985) have surveyed work done 

on atmospheric cadmium p a r t i c l e  s i z e  and c a l c u l a t e d  t h e  MMO f o r  atmospheric 

cadmium us ing  data from 14 s tud ies  o f  remote, urban, and i n d u s t r i a l  s i t e s .  

Th is  average MMD was 0.84 urn. Data from an urban C a l i f o r n i a  s i t e  was 

inc luded i n  t h a t  survey; t h e  C a l i f o r n i a  data (Davidson, 1977) were cons i s ten t  

w i t h  data from o the r  l oca t i ons .  Because o f  t h e  na ture  o f  cadmium sources i n  

the Sta te  ( p r i n c i p a l l y  high-temperature sources e m i t t i n g  cadmium on p a r t i c l e s  

i n  the micron t o  submicron range), and t h e  s u r p r i s i n g l y  cons i s ten t  s i ze  

d i s t r i b u t i o n  of cadmium i n  d i f f e r e n t  s tud ies ,  we b e l i e v e  t h a t  atmospheric 

cadmium i n  C a l i f o r n i a  occurs l a r g e l y  on p a r t i c l e s  i n  t h e  r e s p i r a b l e  s i z e  

range ( l e s s  than 2.5 um diameter).  



The compound forms o f  cadmium p r e s e n t  i n  t h e  atmosphere have n o t  been 

determined. S tudy  o f  t h e  s o l u b i l i t y  o f  cadmium on p a r t i c u l a t e  m a t t e r  b o t h  i n  

C a l i f o r n i a  (Hodge, e t .  a l . ,  1978).  and e lsewhere ( L i n d b e r g  and H a r r i s s ,  

1983) ,  i n d i c a t e  t h a t  70 - 84 p e r c e n t  o f  a tmospher i c  cadmium t h a t  i s  a c i d  

s o l u b l e  i s  a l s o  w a t e r  s o l u b l e .  Based on t h e  expec ted  forms o f  m e t a l s  e m i t t e d  

f rom combust ion processes and o t h e r  h igh - tempera tu re  processes (see S e c t i o n  

111 B, C), we conc lude t h a t  a tmospher i c  cadmium occurs  p r i m a r i l y  as  t h e  

s o l u b l e  s u l f a t e ,  phosphate, and f l u o r i d e ,  w i t h  t h e  ba lance  o c c u r i n g  as t h e  

insoluble o x i d e  o r  carbonate .  

Because cadmium i s  an e lement  found  i n  most c r u s t a l  m a t e r i a l s  a t  

c o n c e n t r a t i o n s  t y p i c a l l y  between 0.1-0.2 p a r t s  p e r  m i l l  i o n ,  we e v a l u a t e d  t h e  

c o n t r i b u t i o n  o f  c r u s t a l  m a t e r i a l s  t o  c o n c e n t r a t i o n s  o f  a tmospher i c  cadmium. 

Colnparison o f  t h e  c o m p o s i t i o n  o f  a tmospher i c  p a r t i c u l a t e  m a t t e r  t o  t h a t  o f  

c r u s t a l  m a t e r i a l s  has been made t o  assess t h e  c o n t r i b u t i o n  o f  c r u s t a l  

m a t e r i a l s  t o  t h e  a tmospher i c  burden o f  t r a c e  m e t a l s ,  i n c l u d i n g  cadmium. The 

degree o f  en r i chment  o f  an e lement  i n  a tmospher i c  p a r t i c u l a t e  m a t t e r  had been 

c a l c u l a t e d  as t h e  en r i chment  f a c t o r ,  EF: 

C ~ d / C ~ l  

where CCd and CAI a r e  t h e  a tmospher i c  c o n c e n t r a t i o n s  o f  these  m e t a l s ,  and 

' ~ d ,  c r u s t  and CAl , c r u s t  
a r e  t h e  c o n c e n t r a t i o n s  i n  t h e  e a r t h ' s  c r u s t .  

I n  most cases,  average v a l u e s  o f  c r u s t a l  abundance a r e  used; i n  some cases, 

va lues  s p e c i f i c  t o  t h e  r e g i o n  under  s t u d y  a r e  employed. Values o f  EF l e s s  

t h a n  5 a r e  c o n s i d e r e d  i n d i c a t i v e  o f  a c r u s t a l  o r  s o i l  sou rce  o f  t h e  element;  



higher values suggest  non-soil sources ,  inc luding  high temperature i n d u s t r i a l  

processes and fuel  combustion. Cer ta in  na tura l  processes may a l s o  lead t o  

atmospheric enrichment o f  c e r t a i n  elements: volcanism, d i r e c t  subl imation 

from c r u s t a l  m a t e r i a l s ,  emissions from vege ta t ion ,  and sea  spray  enrichment 

(Duce, e t .  a l . ,  1975). In most urban a r e a s ,  however, l a rge  EF f a c t o r s  a r e  

considered t o  be i n d i c a t i v e  of  anthropogenic sources (Heindryckx, 1976). 

Large cadmium enrichment f a c t o r s  have been determined i n  remote a reas  ( E F  

2500) with increas ing  value of  E F  with decreasing p a r t i c l e  s i z e  (Davidson, 

e t .  a l . ,  1985). Lindberg and Harr i ss  repor ted  lower EFs f o r  cadmium (7-23) 

in  cont inenta l  ae roso l s ;  t h e  tendency t o  increas ing  E F  with decreasing 

p a r t i c l e  s i z e  was observed. Davidson e t .  a l . ,  (1981) found an average 

cadmium E F  i n  P i t t sbu rg  of  630, and observed t h e  same t r end  i n  increas ing  EF, 

with decreas ing  p a r t i c l e  s i z e .  McDonald and Duncan (1979) reported EFs f o r  

cadmium in Glasgow ranging between 750 and 8,400, w i t h  p a r t i c l e s  i n  t h e  range 

of 0.43 - 0.7 um exh ib i t ing  t h e  h ighes t  EF. @ 
Milford and Davidson (1985) provided summary s t a t i s t i c s  inc luding  cadmium 

E F  from 14 s t u d i e s  in  urban, r u r a l ,  and i n d u s t r i a l  s i t e s ;  an average EF of  

1,900 was reported.  This average included r e s u l t s  of  one s tudy done in 

Ca l i fo rn ia  urban a rea  (Davidson, 1977). Based on t h i s  information,  we 

be l i eve  i t  i s  reasonable t o  assume t h a t  atmospheric cadmium in Ca l i fo rn ia  

r e s u l t s  predominantly from non-crustal sources.  

Because a  l a r g e  amount of  data  on t o t a l  suspended p a r t i c u l a t e  ma t t e r  

(TSP), c o l l e c t e d  by both ARB and E P A ,  i s  a v a i l a b l e ,  an e f f o r t  was made t o  

determine a  r e l a t i o n s h i p  between TSP and cadmium measurements. F i r s t ,  EPA 

cadmium data from samples c o l l e c t e d  throughout Ca l i fo rn ia  during 1977 through 

1983 were analyzed to  determine i f  cadmium concent ra t ions  were c o r r e l a t e d  t o  



s imu l taneous  occurences o f  t o t a l  suspended p a r t i c u l a t e  m a t t e r  (TSP). I f  t h e  

two were h i g h l y  c o r r e l a t e d ,  cadmium c o n c e n t r a t i o n s  c o u l d  be e s t i m a t e d  u s i n g  

t h e  much l a r g e r  TSP database. No s i g n i f i c a n t  c o r r e l a t i o n s  were found u s i n g  

t h e  EPA data.  C o r r e l a t i o n  c o e f f i c i e n t s  ( r )  were be low 0.53 a t  n i n e t e e n  o f  

t w e n t y  samp l ing  s i t e s  h a v i n g  b o t h  cadmium and TSP d a t a ;  an r v a l u e  o f  0.69 

was c a l c u l a t e d  f o r  cadmium-TSP d a t a  c o l l e c t e d  a t  Long Beach. The o v e r a l l  

c o r r e l a t i o n  c o e f f i c i e n t  was l e s s  t h a n  0.01 f o r  1409 p a i r e d  o b s e r v a t i o n s .  

The same s t a t i s t i c a l  c a l c u l a t i o n s  were made u s i n g  t h e  1985 ARB cadmium 

data. To do t h i s ,  we e x t r a c t e d  t w e n t y - f o u r  h o u r  average TSP c o n c e n t r a t i o n s  

frorn t h e  ARB a i r  q u a l i t y  database f o r  t h e  same t i m e  p e r i o d s  and s t a t i o n s  as 

t h e  cadmium d a t a  c o n t a i n e d  i n  t h e  ARB t o x i c s  a i r  q u a l i t y  database. The 

cadmium-TSP c o r r e l a t i o n  r e s u l t s  f o r  each s t a t i o n  a r e  g i v e n  i n  T a b l e  IV-6. As 

w i t h  t h e  EPA data ,  t h e  ARB d a t a  showed l i t t l e  c o r r e l a t i o n  between ambient  

cadmium and TSP c o n c e n t r a t i o n s ,  e x c e p t  f o r  a  few s t a t i o n s .  Fresno d a t a  

'@ showed a  v e r y  h i g h  c o r r e l a t i o n  c o e f f i c i e n t ,  0.94, f o r  a  sample s i z e  o f  22. 

The n e x t  h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t  was 0.68 a t  t h e  Upland s t a t i o n  f o r  

30 samples. The r v a l u e  c a l c u l a t e d  f o r  t h e  N o r t h  Long Beach s i t e ,  0.67, was 

q u i t e  s i m i l a r  t o  t h e  r v a l u e  c a l c u l a t e d  f o r  t h e  EPA Long Beach d a t a  (0.69). 

T h i r t e e n  o f  t h e  seventeen ARB s t a t i o n s  h a v i n g  comparable cadmium and TSP d a t a  

had c o r r e l a t i o n  c o e f f i c i e n t s  be low 0.54; s c a t t e r  p l o t s  f o r  t h e  r e m a i n i n g  

t h r e e  s t a t i o n s  showed a l m o s t  no v a r i a t i o n  i n  cadmium c o n c e n t r a t i o n s .  As a  

r e s u l t ,  we a g a i n  f i n d  no u s e f u l  c o r r e l a t i o n s  between cadmium and TSP. 

A l l  o f  t h e  above d i s c u s s i o n  concerns  o u t d o o r  c o n c e n t r a t i o n s  o f  cadmium. 

ARB has rnade no measurement o f  i n d o o r  c o n c e n t r p t i o n s .  However, S e i f e r t ,  e t .  

a l . ,  (1984) s t u d i e d  i n d o o r  heavy m e t a l  exposure n e a r  a  secondary  l e a d  

sme l te r ,  

IV-17 
~. 



TABLE IV-6 

1985 CADMIUM AN9 TSP CORRELATIONS 
ARB CADMIUM SAMPLING NETWORK 

CORRELATION # SAMPLES TOTAL # 
STATION I D  LOCATION COEFFICIENT ABOVE LOO SAMPLES 

P i t t s b u r g  
Richmond 
Concord 
Fresno 
Bake rs f i e ld  
Me rced 
Rubidoux 
C i t r u s  Heights 
Up1 and 
Stockton 
Santa Barbara 
San Jose 
Modesto 
S i m i  Va l l ey  
Fremont 
N. Long Beach 
Pico Rivera 
Los Angeles 
E l  Monte 
E l  Cajon 
San Francisco 

STATEWIDE - 0.09 269 536 

and found t h a t  the  indoor metal burden cou ld  be very  d i f f e r e n t  i n  adjacent  

h o k e s .  The "maintenance cond i t i ons "  (window t i gh tness )  o f  the  b u i l d i n g  

(i.e., a i r  exchange r a t e ) ,  and the  na ture  o f  t h e  b u i l d i n g ' s  immediate 

surroundings (vegeta t ion) ,  which would e f f e c t  depos i t i on  and reentrainment,  

were be l i eved  t o  be s i g n i f i c a n t  f a c t o r s  i n  i n f l u e n c i n g  indoor metal 

concentrat ions.  Because o f  t h e  l a c k  o f  a v a i l a b l e  data r e l a t i n g  indoor  t o  

outdoor cadmium concentrat ions,  no a t tempt  was made t o  est imate indoor  

cadmium exposure. 



C. Exposure Close t o  Sources 

To e v a l u a t e  i n c r e a s e d  exposure t o  a tmospher i c  cadmium f o r  peop le  l i v i n g  

c l o s e  t o  sources,  we c a l c u l a t e d  t h e  c u m u l a t i v e  a i r  q u a l i t y  impac t  o f  t h r e e  

secondary  copper  s m e l t e r s  i n  t h e  South  Coast  A i r  Basin. Emiss ions f rom t h e  

t h r e e  f a c i l i t i e s  were e s t i m a t e d  by  mak ing c e r t a i n  assumpt ions u s i n g  

i n f o r m a t i o n  on t h e  process r a t e  ( t o n s  o f  s c r a p  processed pe r  y e a r ) ,  f a c i l i t y  

o p e r a t i o n s ,  and an e m i s s i o n  f a c t o r  o f  3.0 l b  cadmium/ton o f  scrap. T h i s  

e m i s s i o n  f a c t o r  was d e r i v e d  f rom i n f o r m a t i o n  on t h e  cadmium c o n t e n t  o f  

v a r i o u s  t y p e s  o f  copper scrap.  Cadmium emiss ions f rom t h r e e  s m e l t e r s  were 

e s t i m a t e d  t o  range f rom 1.7 t o  3.4 t o n s l y e a r .  The upper  v a l u e  r e p r e s e n t s  

maximum w o r s t  case emiss ions ,  and t h e  l o w e r  v a l u e  r e p r e s e n t s  a  

w o r s t - p l a u s i b l e  case. 

The range o f  emiss ions  r a t e  e s t i m a t e s  f o r  each o f  t h e  t h r e e  s m e l t e r s  was 

used as i n p u t  t o  t h e  Gaussian a i r  q u a l i t y  model I n d u s t r i a l  Source Complex - 
s h o r t  t e r m  (ISCST). H i s t o r i c a l  m e t e o r o l o g i c a l  d a t a  f rom a  s t a t i o n  c l o s e  t o  

t h e  sources f o r  t h r e e  y e a r s  (1976, 1977, and 1978)  were used t o  r u n  t h e  

model. The d i f f e r e n c e  i n  m e t e r o l o g i c a l  c o n d i t i o n s  among t h e  t h r e e  y e a r s  

y i e l d  v a r i a t i o n s  i n  r e s u l t s  wh ich  were sma l l .  R e s u l t s  produced u s i n g  1977 

met d a t a  ( t h e  h i g h e s t  r e s u l t s )  a r e  d i s c u s s e d  here. Where s t a c k  parameters 

f o r  t h e  sources were a v a i l a b l e ,  t h e y  were used; i n  some cases, t h e  d a t a  were 

u n a v a i l a b l e  and t h e  s t a c k  parameters wh ich  would  y i e l d  w o r s t  case ambient  

c o n c e n t r a t i o n s  were used. Because o f  t h e  assumpt ions made, we do n o t  expec t  

cadmium exposure due t o  emiss ions  f rom t h e s e  sources t o  be h i g h e r  than  o u r  

es t ima tes .  To e s t i m a t e  exposure,  t h e  modeled ambient  c o n c e n t r a t i o n s  were 

super imposed on t h e  p o p u l a t i o n  d a t a  f o r  t h e  a rea  based on census t r a c t  

c e n t r o i d s .  The a rea  c o n t a i n e d  a  r e s i d e n t i a l  p o p u l a t i o n  o f  5.7 m i l l i o n .  



Figure IV-4 shows t h e  cumulative exposure a t t r i b u t a b l e  t o  emissions from 

t h e s e  t h r e e  smelters .  

The modeled exposure l e v e l s  were: 20 ng/m3 f o r  57,000 people; 5-7 

3 3 ng/m . f o r  290,000 people; and 0.5 - 0.6 ng/m f o r  2.8 mi l l ion  people. 

The exposure e s t ima tes , . based  on.maximum poss ib le  emission r a t e s ,  a r e  double 

these  values. The general exposure i n  t h e  South Coast Air Basin (based on 

d i r e c t  measurement of  atmospheric cadmium) has been est imated t o  be 1-2.3 

In i n t e r p r e t i n g  da ta  on exposure c l o s e  t o  sources of  cadmium, i t  should 

be r ea l i zed  t h a t  sources of cadmium emissions usua l ly  a r e  a l s o  e m i t t e r s  of 

o t h e r  metals and compounds which may have potent ia l  adverse hea l th  e f f e c t s .  

I t  i s  beyond t h e  scope of t h i s  r e p o r t  t o  q u a n t i t a t i v e l y  address  t h i s  i s sue ;  

Table IV-7 1 i s t s  non-c r i t e r i a  p o l l u t a n t s  which may have chronic hea l th  

e f f e c t s  which a r e  known o r  a r e  l i k e l y  t o  be emit ted from cadmium emission 

sources. 

Table IV-7 

Selec ted  Non-Criteria P o l l u t a n t s  Which May be Emitted from 
Sources o f  Cadmium 

Source Type 

Combustion processes 

Smelters  

Gas01 ine-powered veh ic l e s  

Po l lu t an t s  

Metals ( a r s e n i c ,  mercury, 
nickel ); pol ycycl i c  
aromatic hydrocarbons 
( P A H ) ;  ch lo r ina ted  d ioxins  

Lead; a r s e n i c ;  chromium; 
chlor ina ted  d ioxins  

Benzene, e thylene  
dibromide; e thy lene  
d i ch lo r ide ;  PAH 





REFERENCES - CHAPTER IV 

1. Davidson, C l i f f  I . ,  1977. Powder Technology, 1 8 ,  117. 

2. Davidson, C l i f f  I . ,  W. 0. Goold, M. A. Nasta,  and M. T. R e i l l y ,  1981. 
Proc. 74th Annual Mtg. o f  t h e  Air Po l lu t ion  Control Assoc. 81-28.6 

3. Davidson, C l i f f  I . ,  W. D. Goold, T. P. Mathison, G. 8. Weirsma, K. W .  
Brown and M. T. R e i l l y ,  1985. Environ. - Sci .  Technol. 1 9 ( 1 ) ,  p. 27. 

4. Duc, T. Vu  and C. M. P. Favez, 1981. - J .  Environ. Science - and Health 
Al6(6) ,  647. 

Dzubay, T.G., L.E. Hines,  and R. K.  Stevens ,  1976. - Atmos. Environ. 10. 
p. 229 

5. Duce, R. A . ,  G. L. Hoffman, and W. H. Z o l l e r ,  1975. Science,  187:59. 

6. Lee, Robert E . ,  Ronald K. P a t t e r s o n ,  and Jack Wagman, 1968. Environ. 
Sci .  Technol. 2 ( 4 ) ,  p. 288. - 

7. Harr i son ,  Paul R., Wayne R. Matson, and John W. Winchester,  1971. 
Atmospheric Environment 5 ,  p. 613. 

8. Harr i son ,  Roy M. and C l ive  R. Williams, 1982. Atmospheric Environment 
1 6 ( 1 1 ) ,  p. 2669. 

9. Hodge, Vern, Susan R. Johnson, and Edward D. Goldberg, 1978. Geochemical 
Journa l .  12 ,  p. 7. 

10. Heindryckx, R . ,  1976. Atmospheric Environment, 10 ,  65. 

11. Lawson, D. R . ,  1980. - Atmos. ~ n v i r o n .  14 ,  p. 195. 

12. Lee, Robert E. ,  Ronald K. P a t t e r s o n ,  and Jack Wagman, 1968. Environ. 
Sc i .  Technol. 2 ( 4 ) ,  p. 288. . - 

13. Lindberg, S. E., and R. C. H a r r i s s ,  1983. Journal  of  Geophysical 
Research 8 8 ( 9 ) ,  p. 5091. 

14. McDonald, C.  and H. J. Duncan, 1979. Atmospheric Environment, 1 3 ,  p. 977. 

15. Milford,  Jana B. and C l i f f  I. Davidson, 1985. - J. -- Air Po l l .  Control 
Assoc. 35(12) ,  p. 1249. - 

16. SAS, 1982. SAS I n s t i t u t e ,  Inc. "SAS User's Guide: S t a t i s t i c s  1982 
Ed i to r " ,  Box 8000, Cary, North Carol ina 

17. Saltzman, Bernard E., Jacob Cholak, Lawrence J. Schafer ,  David W. Yeager, 
8 Bernard G. Meiners, and Jozef S v e t l i k ,  1985. Environ. - Sci.  Technol. 

1 9 ( 4 ) ,  p. 328. 

18. S e i f e r t ,  Bernd, Marianne Drews, and Karl Aurand, 1984. Indoor Heav 
t i . H . O m  Metal Exposure of  t h e  Population Around a Secondary Lead Sme t e r .  

e t  a l . ,  3rd I n t e r n a t i o n a l  Indoor Air Qua l i t y  and Climate Conference, 
Stockholm. Aug. 20-24, 1984. v.2, p. 177. 

IV-22 



APPENDIX A 

I !~FORI~ATION REQUEST LETTER WITH 
ATTACHMENTS AND RESPONSES 





STATE OF CALIFORNIA ' GEORGE MUKM5IAN. Oonmr 

AIR RESOURCES BOARD 
1102 Q STREET 
" 0 .  BOX 2813 

AMENTO. CA 95812 

February 4, 1985 

Dear S i r  o r  Madam: 

Subject :  Request f o r  I n f o r m a t i o n  Regarding Cadmium 

I am w r i t i n g  t o  request  i n f o r m a t i o n  on t h e  h e a l t h  e f f e c t s  o f  cadmium as p a r t  
o f  our  t o x i c  a i r  contaminant program. Th i s  program i s  based on Hea l th  and 
S a f e t y  Code Sect ions 39650, e t  seq. which r e q u i r e  t h e  ARB t o  i d e n t i f y  
compounds as t o x i c  a i r  contaminants and once i d e n t i f i e d  t o  develop and adopt 
c o n t r o l  measures f o r  such compounds. A f t e r  c o n s u l t a t i o n  w i t h  tne  s t a f f  o f  t h e  
Department o f  Hea l th  Serv ices (DHS), we have se lec ted  cadmium as a  candidate 
t o x i c  a i r  contaminant t o  be evaluated i n  accordance w i t h  t h e  p r o v i s i o n s  o f  
Hea l th  and Sa fe ty  Code Sect ions 39650, e t  seq. Dur ing  our  eva lua t i on  o f  
cadmium, we w i l l  cons ider  a v a i l a b l e  h e a l t h  i n f o r m a t i o n  on a l l  forms and 
compounds o f  cadmium. A d d i t i o n a l l y ,  we a r e  s o l i c i t i n g  i n f o r m a t i o n  rega rd ing  
envi ronmental  and b i o l o g i c a l  t r ans fo rma t ions  o f  cadmium ana i t s  compounds. 

Before t h e  ARB can f o r m a l l y  i d e n t i f y  a  compound as a  t o x i c  a i r  contaminant, 
severa l  s teps  must De taken. F i r s t ,  t h e  ARB must request  t h e  Department o f  
Hea l th  Serv ices  t o  eva lua te  t h e  h e a l t h  e f f e c t s  o f  candidate compounds. 
Second, t h e  ARB s t a f f  must prepare a  r e p o r t  which i nc ludes  t h e  h e a l t h  e f f e c t s  
ev.aluat ion and then submit t h e  r e p o r t  t o  a  S c i e n t i f i c  Review Panel f o r  i t s  
rev iew.  The r e p o r t  submit ted t o  t h e  Panel w i l l  be made a v a i l a b l e  t o  t h e  
p u b l i c .  In fo rmat ion  submit ted i n  response t o  t h i s  request  w i l l  be considered 
i n  t h e  ARB r e p o r t  t o  t h e  Panel. A l though any person may a l s o  submit 
i n f o r m a t i o n  d i r e c t l y  t o  t h e  Panel f o r  i t s  cons idera t ion ,  I urge you t o  submit 
a l l  i n f o r m a t i o n  a t  t h i s  t ime  f o r  ou r  c o n s i d e r a t i o n  i n  t h e  development o f  t h e  
r e p o r t  f o r  t h e  Panel. The Panel rev iews  t h e  s u f f i c i e n c y  o f  t h e  in fo rmat ion ,  
methods, and da ta  used by t h e  DHS i n  i t s  eva lua t i on .  Las t l y ,  a f t e r  rev iew  by  
t h e  S c i e n t i f i c  Review Panel, t h e  r e p o r t  w i t h  t h e  w r i t t e n  f i n d i n g s  o f  t h e  Panel 
w i l l  be considered b y  t h e  A i r  Resources Board and w i l l  be t h e  bas i s  f o r  any 
r e g u l a t o r y  a c t i o n  b y  t h e  Board t o  o f f i c i a l l y  i d e n t i f y  a  compound as a  t o x i c  
a i r  contaminant. 



-2 - February 4, 1985 

P r i o r  t o  f o r m a l l y  reques t i ng  t h e  DHS t o  Prepare a  h e a l t h  e f f e c t s  e v a l u a t i o n  o f  e 
cadmium, we are  p r o v i d i n g ,  pursuant t o  t h e  p r o v i s i o n s  o f  Sec t ion  39660(e) o f  
t h e  Hea l th  and Sa fe ty  Code, an o p p o r t u n i t y  t o  i n t e r e s t e d  p a r t i e s  t o  submit 
i r i fo rmat ion  on t h e  h e a l t h  e f f e c t s  o f  cadmium which he or  she be l i eves  would be 
impor tan t  i n  DHS1s e v a l u a t i o n  o f  cadmium as a  cand ida te  t o x i c  a i r  
contaminant. 

I n  January 1985, ARB s t a f f  rece i ved  a  re fe rence  search on cadmium h e a l t h  
e f f e c t s  u s i n g  t h e  MEDLINE and TOXLINE In fo rma t ion  Serv ices.  These i n fo rma t ion  
serv ices  i n c l u d e  m a t e r i a l  a v a i l a b l e  t o  t h e  p u b l i c  on o r  be fo re  September 
1984. The a t tached b i b l i o g r a p h y  l i s t s  t h e  re ferences f rom t h i s  i n f o r m a t i o n  
search. We are  reques t i ng  p e r t i n e n t  i n f o r m a t i o n  on cadmium h e a l t h  e f f e c t s ,  
i n c l u d i n g  any m a t e r i a l  t h a t  may n o t  be a v a i l a b l e  t o  t h e  p u b l i c ,  t h a t  i s  n o t  
i nc luded  i n  t h e  at tached b ib l i og raphy .  

Pursuant t o  t h e  p r o v i s i o n s  o f  t h e  P u b l i c  Records Act  (Government Code Sect ions 
6280 e t  seq.), t h e  i n f o r m a t i o n  you p r o v i d e  w i l l  be a  p u b l i c  r e c o r d  and sub$ect 
t o  p u b l i c  d i sc losu re ,  except f o r  t r a d e  secre ts  which are  n o t  emission da ta  o r  
o t h e r  i n f o r m a t i o n  which i s  exempt f r o m  d i s c l o s u r e  o r  t h e  d i s c l o s u r e  o f  which 
i s  p r o h i b i t e d  by  law. The i n f o r m a t i o n  may a l s o  be re leased t o  t h e  
Environmental P r o t e c t i o n  Agency, which p r o t e c t s  t r a d e  secre ts  and c o n f i d e n t i a l  
i n f o r m a t i o n  i n  accordance w i t h  f e d e r a l  law, and t o  o the r  p u b l i c  agencies, 
which are  a l s o  r e q u i r e d  t o  p r o t e c t  such i n fo rma t ion .  

To exped i te  t h e  rev iew process, we ask t h a t  any i n f o r m a t i o n  which you b e l i e v e  
shou ld  be regarded as " t rade  sec re t "  be c l e a r l y  marked and separated from 
o t h e r  in fo rmat ion .  You may i d e n t i f y  p o r t i o n s  o f  t h e  i n f o r m a t i o n  you submit as 
" t r a d e  s e c r e t "  i n  accordance w i t h  Hea l th  and Sa fe ty  Code Sect ion  39660(e). 
The c l a i m  o f  t r a d e  secrecy must be supported upon t h e  request  o f  t h e  A i r  
Resources Board. Other i n f o r m a t i o n  c la imed t o  be t r a d e  s e c r e t  and i n f o r m a t i o n  
o therwise  c la imed t o  be exempt f rom d i s c l o s u r e  may be i d e n t i f i e d  as 
c o n f i a e n t i a l  i n  accordance w i t h  Sec t i on  91011, T i t l e  17, C a l i f o r n i a  
A d m i p i s t r a t i v e  Code. Sect ion 91011 r e q u i r e s  t h a t  t h e  c l a i m  o f  c o n f i d e n t i a l i t y  
be accompanied b y  s p e c i f i e d  suppor t i ng  in fo rmat ion .  

I would app rec ia te  r e c e i v i n g  any r e l e v a n t  i n f o r m a t i o n  you wish t o  submit by  
March 22, 1985. Your h e l p  i n  e x p e d i t i n g  o u r  rev iew  w i l l  be g r e a t l y  
appreciated.  Please send t h e  i n f o r m a t i o n  t o  t h e  a t t e n t i o n  o f :  

W i l l i a m  V .  Loscu to f f ,  Chief 
Toxic  P o l l u t a n t s  Branch 
Re: Cadmium 
C a l i f o r n f a  A i r  Resources Board 
P. 0. Box 2815 
Sacramento, CA 95812 

I f  you have any f u r t h e r  quest ions r e g a r d i n g  h e a l t h  e f f e c t s  in fo rmat ion ,  p lease 
c o n t a c t  M r .  John Batchelder  a t  (916) 323-1505. For any o the r  quest ions, 
p lease con tac t  Mr .  Robert Barham a t  (916) 322-7072. 



-3- February 4, 1985 

If you are not the person to whom this request should be addressed, please 
forward it to the appropriate person in your organization. Also, please let 
us know whether you would like to continue to receive information inquiries 
for other candidate compounds, and if not, if there is anyone in your 
organization to whom such requests should be sent. 

Sincerely, 

-=ti L i ---- - 
Stationary Source Division 

cc: Alex Kelter, DHS 
Lori Johnston, DFA 
Wayne Morgan, President, CAPCOA 
Jan Bush, Executive Secretary, CAPCOA 
David Howekamp, EPA Region IX 
Assemblywoman Sally Tanner, Chairwoman, Committee on Toxic Materials 
Senator Ralph Di 1 ls, Chairman, Committee on Governmental Organization 
Senator Art Torres, Chairman, Committee on Toxics and 
Public Safety Manaqement 

Emil Mrak, ~hajrman and Scientific Review Panel 
Members 

APCOS 

Attachment 
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EXECUTIVE SUMMARY 

Cadmium is a silvery-white metal found primarily in the +2 oxidation state. 

Although cadmium is not known to be an essential element, it is chemically 

similar to zinc and other biologically essential elements. This similarity 

is an important factor in cadmium-induced toxicity since cadmium may replace 

these essential elements biochemically and interfere with important 

physiological processes. 

For the general population, the major sources of exposure to cadmium are 

through food and smoking. For occupationally exposed populations, 

inhalation may be the major route of exposure. Ambient airborne cadmium may 

also become a significant exposure route in industrial areas. 

Although ingestion is the major route of exposure, only one to ten percent 

of ingested cadmium appears to be absorbed systemically. Pulmonary 

absorption of inhaled cadmium is estimated to range from 10 to 50 percent of 

deposited cadmium. Animal studies indicate that some soluble and insoluble 

cadmium salts are handled in a similar manner in the respiratory tract. 

Together the liver and kidney account for about 50 percent of the cadmium 

body burden, with 30 percent found in the kidneys. The biological half-life 

of cadmium in humans has been estimated to range from 10 to 30 years. 



Cadmium has moderate acute toxicity, producing gastrointestinal or pulmonary 

effects from ingestion or inhalation, respectively. Subchronic and chronic 

exposures to cadmium have been associated with a wide range of adverse 

outcomes that include cardiovascular, endocrine, hepatic, bone, 

hematological, immunological, respiratory, renal, reproductive, and 

teratogenic effects. The staff of the California Department of Health 

f 

noncarcinoeenic effect, because it occurs at lower exposure levels than 

-& 

The staff of the Air Resources Board has estimated that the ambient airborne 

3 
concentration of cadmium in California is in the range of 1 to 2.5 ng/m . A 

daily retention rate of cadmium estimated to induce renal toxicity in 10 

percent of the population has been estimated to be 6.6 to 24.6 pg/day over a 

50-year period. Ambient air concentrations necessary to attain this range 

of retention rates have been estimated to be 650 to 2500 ng/mJ, assuming 50 

percent pulmonary absorption. Althoueh no threshold exposure level has been 

determined for renal toxicity. the staff of DHS believes that such a level 

does exist. The staff of DHS has concluded that the two to three orders of 

maenitude difference between the estimated ambient levels of cadmium and 

f 

Eercent of the ~opulation would develop renal toxicitv is sufficientlv laree 

that ambient airborne cadmium does not pose a simificant hazard. Since 

renal toxicitv is the most sensitive noncarcinoeenic end~oint. the staff of 

DHS does not expect anv other acute or chronic noncarcinoeenic toxic effects 

from current ambient levels. 



In addition, cadmium has induced cancer in experimental animals and has been 

0 associated with an increase in human cancers in epidemiological studies. 
Cadmium has produced injection site tumors (in rats) and remote tumors (in 

rats and mice) following subcutaneous or intramuscular injections, and has 

produced lung tumors in rats exposed to cadmium chloride aerosol. Several 

studies in which cadmium was given by the oral route have been negative, 

perhaps because of poor gastrointestinal absorption and low susceptibility 

of gas~rointestinal epithelial tissue to carcinogenesis induced by cadmium. 

The International Agencv for Research on Cancer (IARC) has concluded that 

there is sufficient evidence of carcinowenicitv in animals and that. for 

practical uuruoses. cadmium should be regarded as if it Dresents a 

carcinogenic risk to humans, DHS staff concurs in these conclusions, 

Epidemiological evidence has suggested an association betweenzadmium 

exposure and neoplasia, including respiratory, renal, prostatic, and bladder 

cancers. For the latter three cancers the evidence is suggestive or 

inconclusive; however, there is strong evidence of an association between 

cadmium exposure and an increased risk of respiratory cancer. Several 

occupational studies have shown some association between cadmium exposure or 

potential exposure and lung cancer. A recently published, well-designed 

study which evaluated a cohort of cadmium-exposed workers, found a highly 

statistically significant dose-response relationship. Neither bias nor . 
confounding appeared to be responsible for the observed excess lung cancer 

risk. 

I 

A variety of studies have indicated that cadmium is mutagenic and 

clastogenic. However, a number of similar studies have given negative 



results. Therefore. the staff of DHS has concluded that there is onlv 

SL 

There is also evidence that cadmium can bind to DNA and cause mispairing of 

synthetic polynucleotides. This type of activity may also cause a mutagenic 

or carcinogenic effect. The mechanism of action for this type of effect is 

postulated to have no threshold associated with it. 1- 

c- 

of cadmium carcinoeenesis to be a nonthreshold vrocess, 

The estimated ambient airborne concentrations of cadmium were predicted to 

present a potential carcinogenic risk to humans. Two separate cancer risk 

assessments were performed, both of which assumed that cadmium 

carcinogenicity operates through a nonthreshold mechanism. One was based on 

a mortality study of workers in a cadmium production plant. A direct linear 

model that incorporated an adjustment for the "healthy worker effect" was 

fitted to the exposure data and corresponding standardized mortality ratios 

for respiratory cancer. The second cancer risk assessment was based on rat 

lung tumor incidence in a 27-month inhalation bioassay of soluble cadmium 

chloride aerosol. Several models were fitted to these data, including the 

1 multistage model. Predictions of cancer risks at ambient air concentrations 
I 

in California were obtained by extrapolating 3 to 4 orders of magnitude down . 
from either the experimental rat exposures or the occupational exposures. 

For continuous lifetime exposure to 1 ng/m3 cadmium, the human-based 

assessment predicted the range of excess lifetime c(mcer risks to be 2 per 

million (best estimate) to 12 per million (upper 95% confidence limit). The 

animal-based assessment predicted the range of excess lifetime cancer risks 



to be 110 per million (maximum likelihood estimate) to 180 per million 

(upper 9 5 %  confidence limit), The upper 9 1 %  confidence limit for risk based 

on the animal data is about 15 times the upper 9 5 %  confidence limit 

predicted by the human data. The best estimate from the animal data is 

about ten times the upper 9 5 %  confidence limit of risk predicted by the 

human data. (See Table 1-1 and Figure 1-1.) 

The DHS staff believes that a discrepancy of one to two orders of magnitude 

between animal- and human-based risk estimates is relatively small. Because 

the human data for exposure and for response were not found to have any 

major deficiencies, and because a conservative linear extrapolation was 

used, DHS staff has determined that reliance on the human-based risk 

assessment is unlikely to underestimate risk. The range of recommended risk 

0 estimates is therefore provided by the human-based risk assessment. 

The hazard posed by atmospheric cadmium to residents of California was 

estimated by applying the risk estimate to cadmium concentrations measured 

in the state. Noncancer health effects are not expected to occur at 

concentrations of cadmium measured in populated areas of the state. 

In contrast, carcinogenic effects may occur at levels of cadmium 

measured in ambient air. The upper-bound excess lifetime cancer risk from 

estimated atmospheric concentrations of cadmium in California has been 

estimated to range from 2 per million to 30 per million. This is a health- 

conservative estimate; the actual risk may lie in or below that range. 

DHS staff emphasizes that the risk estimates derived in conducting a risk 

assessment are not exact predictions, but rather represent best estimates 



based on currt - scientific knowledge and methods. Uncertainty in this risk 

assessment stems from (1) l~mitations in the data on which the assessment 

was based, (2) an extrapolation from occupational exposure levels to current 

ambient cadmium concentrations ranging over three to four orders of 

magnitude, (3) generalization from the mortality experience of adult white 

males in Colorado to the general population in California, (4) differences 

between occupational and nonoccupational exposures in terms of particle size 

distribution, and (5) potential inaccuracy and variability of ambient 

exposure measurements. 

The DHS staff has determined that the possible roles of chance, bias and/or 

confounding in distorting the true dose-response relationship in the 

occupational study were likely to have been small. The DHS staff has also 

concluded that inaccuracies in the evaluation of exposure and cancer 

mortality in that study were likely to have been small. In addition, the 

net direction of these potential errors was likely to result in an 

overestimate of cadmium's potency. For these reasons, the DHS staff 

believes that the use of these epidemiologic data in a quantitative risk 

assessment is appropriate. Furthermore, the use of human data eliminates 

uncertainty arising from interspecies extrapolation. Since the occupational 

exposures were by inhalation, there is no extrapolation between routes of 

exposure 

cadmium be based on the best estimate and uDDer 95% confidence limit 

predicted from fittine - a linear model to the human data, The ranee of 

estimated excess lifetime cancer risks from 2k-hour-~er-day exuosure for a a 



lifetime to averaee ambient airborne concentrations. estimated to be 1 to 

2.5 nv/ 3 m cadmium, is 2 to 30 per million persons exposed. In "hot spots" 

identified in California, the range of estimated excess lifetime cancer 

risks .from 24-hour-per-day exposure for a lifetime to an average of 4 0  ng/m 
3 

of cadmium is 80  to 480  per million persons exposed. The ARB staff has 

estimated that approximately 5 7 , 0 0 0  people may be exposed to the average hot 

spot ambient level. 

Based on the finding of cadmium-induced carcinogenicity and the results of 

the risk assessment, DHS staff finds that ambient cadmium is an air 

pollutant which may cause or contribute to an increase in mortality or an 

increase in serious illness, or which may pose a present or potential hazard 

to human health. 



TABLE 1-1 

ANIMAL AND HUMAN BASED PREDICTIONS 

OF EXCESS LIFETIME CANCER RISKS PER MILLION PERSONS 

EXPOSED TO AMBIENT AIRBORNE CONCENTRATIONS OF CADMIUM 

Overall mean UCL of over- hot spot mean 
in California all California 

mean 

ANIMAL DATA 

95% Upper Confidence Limit 180/10~ 450/106 7200/106 @ 
Point Estimate 110/106 275/106 4400/106 

HUMAN DATA 

95% Upper Confidence Limit 12/106 30/106 480/106 

~bint Estimate 2/106 5/106 80/lo6 





11. Introduction 

Cadmium was first identified as a distinct element in 1817. During 
a 

the 1800s there were some reported cases of cadmium poisoning from 

inhalation of cadmium fumes or dust; however, it was not until the 

second or third decade of the present century that cadmium was recog- 

nized as a significant occupational health problem. Occupational 

exposure has been associated with acute and chronic respiratory 

effects and renal toxicity. Environmental exposure to cadmium has 

been considered to play an etiological role in Itai-Itai disease, a 

disease where the patients have severe osteoporosis and osteomalacia. 

Many other toxic effects in humans and experimental animals have now 

been associated with cadmium exposure. 

There has been a tremendous effort to study the adverse effects of @. 
cadmium, and a vast literature on the subject has accumulated. This 

literature has been reviewed and evaluated by many authors. Some of 

the most comprehensive reviews are by Friberg et al. (1974) and EPA 

(1981, 1985). These reviews are referred to extensively in the 

present document. 



111. Properties and Uses 

Cadmium is a relatively rare element that makes up about 1.5 x 10 - 5 

percent of the earth's crust. It is a transition element in group 2b 

of the periodic table, which also includes zinc and mercury. This 

chemical similarity between cadmium and zinc is an important factor in 

cadmium toxicity, as will be discussed in the document. Cadmium is 

usually obtained as a by-product from the processing of zinc, lead, and 

copper ores, where it is primarily found as cadmium sulfide. The 

elemental form of cadmium is a soft silvery-white metal that has a 

molecular weight of 112.4. Its most common oxidation state is +2, 

although a few compounds have been reported in which cadmium is in the 

+1 oxidation state (Hollander and Carapella 1978). Cadmium salts, as 

with most metal salts, range from highly water soluble to insoluble 

(see Table 111-1). The predominant form of cadmium found in air pollu- 

tion is cadmium oxide, although other forms may be present. 

Cadmium has a number of economic uses, such as in metal finishing, 

pigments, batteries, stabilizers in plastics, electronic application, 

and catalysts. The major use is in the electroplating industry, which 

accounts for over half of the cadmium usage in the United States 

(Parker 1978). 

The major source of cadmium release to the environment is from solid 

wastes, such as coal ash, sewage sludge, flue dust, and fertilizers 

(Parker 1978). An increasingly greater source of cadmium release is 

from plastics burned in municipal waste incinerators (Yost 1979). 



Table 111-1 

'a 
Some Physical Properties of Selected Cadmium Compounds 

Chemical Name Formula Molecular Water Solubility 
Weight (g/100gH20/TempoC) 

Cadmium Insoluble, soluble 
in dilute nitric or 
sulfuric acid 

Cadmium acetate Cd(C,Hs0,)2 230.5 Soluble 

Cadmium carbonate CdCO, 172.4 Insoluble (2.8~10-'), 
soluble in acids 

Cadmium chloride CdC1, 183.3 Soluble (128.6/30) 

Cadmium fluoride CdF, 150.4 Soluble (4.35/25) 

Cadmium nitrate Cd(NOs), 236.4 

Cadmium oxide CdO 128.4 

Soluble (109/0) 
.4 

Insoluble (9.6~10- ) ,  
soluble in acids 

Cadmium sulfate CdSO, 208.5 Soluble (76.6/20) 

Cadmium sulfide CdS 144.5 Insoluble (1.3~10--/18), 
soluble in acids 

a Source: IARC 1976, Hollander and Carapella 1978 



IV Routes of Exposure 

A. Food and Smokin~ 

The major exposures to cadmium are through food and smoking. Several food 

crops, including potatoes, root crops, and leafy vegetables, are known to 

take up and concentrate cadmium from the soil (Pahren et al. 1978). Daily 

intake of cadmium from food and water has been estimated to be 39 pg/day 

for a 15-to 20-year-old male (FDA 1974). 

Smoking can contribute a significant proportion of an individual's daily 

exposure to cadmium. It is estimated that 0.1 to 0.2 pg of cadmium are 

inhaled with each cigarette (EPA 1980a). Therefore, smoking one pack per 

day (20 cigarettes) can increase the daily cadmium intake by about 10% (2 

to 4 &day). 

B. Occupational 

Occupational exposure is primarily through inhalation of airborne cadmium. 

It is the greatest source of exposure for this cadmium worker population. 

The present OSHA standards for occupational exposure are 100 pg/m3 for 

cadmium fumes and 200 pg/ms for cadmium dust on a time weighted average 

for an eight-hour workday (NIOSH 1984a). The American Conference of 

Governmental Industrial Hygienists (ACGIH 1984) has established the 

Threshold Limit Value (TLV) for an eight-hour exposure at 50 pg/m3. NIOSH 

has recommended that the standard be set at 40 pg/m3 for a time weighted 

average of a 10-hour workday, 40-hour workweek (NIOSH 1984a). Assuming an 



average air intake of 10 m3 during the working day, daily exposure could 

range from 400 to 2000 pg of cadmium if exposures occurred at levels 

between the NIOSH recommended level and the current OSHA standard. 

Environmental pollution can increase cadmium exposure via ingestion and 

inhalation. Cadmium soil levels ,in crop lands can be increased by use of 

phosphate fertilizers or municipal sludge, both of which contain high 

levels of cadmium. Deposition of airborne cadmium on crop land can also 

increase cadmium soil levels. 

Airborne cadmium is primarily from anthropogenic sources. Highest levels 

are found in industrialized cities and around smelting operations. When 

no significant sources of cadmium pollution are present the airborne 

concentration is generally around 1 ng/m3 (EPA 1980a). Assuming an 

average daily inhalation volume of 18 m3, the daily exposure from ambient 

air would be about 20 ng. 



4D 
V. Pharmacokinetics and Metabolism 

Inhalation is the primary route of exposure to airborne cadmium. However, 

swallowing particulates initially deposited in the upper respiratory tract 

may also play a role in exposure to inhaled cadmium. Airborne cadmium is 

primarily found as the oxide, although other insoluble and soluble salts may 

be present. These salts can be pure or a mixture in an aerosol or in dust. 

The deposition of cadmium in the respiratory system is dependent on the size 

of inhaled particles. 

The Task Group on Lung Dynamics (1966) defined the different portions of the 

respiratory system as: (1) the nasopharynx, which begins with the anterior 

nares and extends to the larynx or epiglottis, (2) the tracheal/bronchial 

portion, extending from the trachea to the terminal bronchioles, and (3) the 

pulmonary portion, which extends from the respiratory bronchioles to the 

alveolar sacs. Deposition in the pulmonary portion of the respiratory 

system is usually of greatest concern because clearance is much slower than 

in .the other portions. Large particles (10 to 100 pm) tend to be almost 

completely removed in the nasopharynx. Particles of 5 to 10 pm still tend 

to be trapped in the nasopharynx, but 5 to 25 percent may be deposited in 

the pulmonary portion. About 20 to 30 percent o1f particles from 0.5 to'5 pm 

are deposited in the pulmonary portion and up to almost 70 percent of 

smaller particles may be deposited. Some small particles (0.1 to 0.5 pm) 

may be exhaled. In a person breathing at a moderate work rate (20 

liters/min), about 10 to 60 percent of particles with a mass median diameter 

e of 0.01 to 5 pm would be deposited in the pulmonary compartment (Task Group 



on Lung Dynamics 1966). The model used by t h ~  Task Group assumed nasal 

breathing only. Deposition may be greater in tile pulmonary portion when 

breathing occurs through the mouth. Milford and Davidson (1985) estimated 

the proportion of cadmium deposition in the pulmony compartment during mouth 

breathing. They estimated 11 to 27 percent of the airborne cadmium would be 

depositied using respiration rates of 7.5 to 30 liters per minute. Particle 

size distribution was based on measurements from a number of different 

studies at a variety of locations. The mass median aerodynamic diameter in 

this analysis was 0.84 pm. 

Particles trapped in the upper respiratory tract and those deposited on 

tracheal and bronchial mucosa will be cleared by mucociliary activity and 

swallowed. Some particles deposited in the lower respiratory tract may be 

phagocytized by pulmonary macrophages and transported out of the lung by 

mucociliary activity. Thus, absorption of cadmium from the lung and 

gastrointestinal tract both need to be considered. In addition, the 

greatest source of cadmium exposure for the general population is via food, 

which makes the gastrointestinal tract the primary site of cadmium 

absorption. 

A. Absorption from the Lunas 

Friberg et al. (1974) reviewed several animal inhalation studies and a study 

comparing the body burdens of cadmium in smokers versus nonsmokers, then 

estimated the proportions of cadmium absorbed. From acute exposure studies 

on dogs (Harrison et al. 1947) and mice (Potts et al. 1950), they estimated 

absorption of 40 and 10 percent, respectively. A 30 percent absorption was 

estimated from a chronic exposure study in rabbits (Friberg 1950). The 



cadmium body burden in smokers (Lewis et al. 1972) suggested that absorption 

was as high as 27 percent. EPA (1981) cites a reference (Task Group on Lung 

Dynamics 1966) that indicates absorption of cadmium from human lungs could 

range from less than 20 to 50 percent, depending on particle size, 

solubility, and other factors. 

Absorption may be dependent on the solubility of the chemical form of the 

inhaled cadmium; however, some animal studies suggest otherwise, at least 

for cadmium chloride and cadmium oxide. Oberdorster et al. (1979) compared 

the lung clearance of cadmium chloride and cadmium oxide in rats following 

administration via inhalation. Since the aerosols of both compounds had 

similar particle size distributions and were administered at similar air- 

borne concentrations, solubility was the major variable. The difference in 

solubility did not prove to have a significant effect on long-term clearance 

from the lung since both cadmium compounds had half-lives of 67 days. 

Short-term clearance was not observed for cadmium chloride, but was seen for 

cadmium oxide. In a later study, however, Oberdorster et al. (1980) 

reported short-term lung clearance of cadmium chloride. Oberdorster et al. 

(1979, 1980) interpreted the similar long-term clearance of the two com- 

pounds from the lung as indicating that both compounds were handled in the 

same manner. They suggested that in both cases cadmium protein binding may 

be involved and followed by absorption via alveolar clearance pathways. 

Short-term clearance would probably include bronchial clearance and cadmium 

would end up in the gastrointestinal tract. However, Hadley et al. (1980) 

found that a large amount of the intratracheally instilled cadmium oxide 

that was removed from rat lungs dufing short-term clearance was found in the 

liver. This indicates that much of the cadmium oxide was solubilized and 
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absorbed systemically. Since absorption from gastrointestinal tract is 

limited, as will be discussed in Section V.B, much of the short-term 

clearance must be from pulmonary absorption. 

The extent of short-term clearance for cadmium oxide that was observed by 

Hadley et al. (1980) was greater than that for cadmium chloride observed by 

~berdhrster et al. (1980) following intratracheal instillation. The reason 

for the difference has not been examined. 

Friberg et al. (1974) has concluded from a review of the available informa- 

tion that animal experiments indicate 10 to 40 percent of inhaled and 

deposited cadmium is absorbed from the lung. Information on absorption from 

human lungs of cadmium in cigarette smoke indicates that it is Prom 25 to 50 

percent. Thus, a range of 10 to 50 percent of inhaled cadmium deposited in 

the lung may be systemically absorbed. 

B. Absorption from the Gastrointestinal Tract 

Several animal studies have been performed to determine the magnitude of 

cadmium absorption from the gastrointestinal tract. These studies, reviewed 

by Friberg et al. (1974), indicate that most ingested cadmium, about 96 to 

more than 998, is not absorbed and is excreted in the feces. Human studies, 

also reviewed by Friberg et al. (1974), indicated that absorption was from.1 

to 10 percent of ingested cadmium. 

Factors found to influence cadmium absorption from the gastrointestinal 

tract include age and nutrition. ~n~strhm Lnd Nordberg (1979) report that 

one-month-old mice retained 5.2% of an orally administered dose while three- 
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and six-month old mice retained only 2.9 and 2.1% of administered doses, 

respectively. Several studies have shown that a calcium deficient diet 

causes an increased cadmium uptake by the gastrointestinal tract, and one 

study suggested that vitamin D increases cadmium uptake (Friberg et al. 

1974). Low protein diets have been found to increase the amount of cadmium 

absorbed (Suzuki et al. 1969). 

C. ,Distribution and Storaee 

Once cadmium is absorbed it enters the circulatory system. Animal studies 

indicate that cadmium will initially be found in the plasma. Levels in the 

plasma fall rapidly, but then cadmium levels in the red blood cells rise. 

Cadmium associated with the red blood cells is bound to proteins such as 

metallothionein and hemoglobin. Continuous exposure produces an increase in 

the concentration of cadmium in the blood, but a plateau occurs at a certain 

blood level. When exposure ends cadmium blood levels will decrease (Friberg 

et al. 1974). 

Together the liver and kidney account for about 50 percent of the cadmium 

body burden, with 30 percent found in the kidneys. Other organs in which 

cadmium accumulates are the spleen, pancreas and testes (Probst 1979). 

Initially the concentration of cadmium increases faster in the liver than 

the kidney. In the liver most cadmium is bound to a low molecular weight 

protein, metallothionein. This protein bound cadmium is believed to be the 

form in which cadmium is redistributed from the liver to the kidney (Norberg 

1972, Tanaka et al. 1975). Within the kidney the highest concentration of 

cadmium is found in the cortex. The level of cadmium in the renal cortex 



increases until renal toxicity occurs, at which point uriiary cadmium excre- 

tion will increase and renal cortex levels decrease. This is from a lack of 0 
uptake of cadmium-bound metallothionein by damaged renal tubular cells and 

the loss of cadmium in sloughed renal tubular cells. 

D. Excretion 

Generally, excretion of absorbed cadmium is very slow because little cadmium 

is lost in the urine since there is efficient uptake by the renal tubular 

cells. In mice, daily renal excretion accounts for about 0.01 to 0.02 

percent of the total body burden. Animal studies have been been conducted 

to estimate the biological half-life of cadmium. It was found to vary from 

about 200 days in mice to 1.5 years in squirrel monkeys. The biological 

half-life of cadmium in humans has been estimated using mathematical models 

to range from 10 to 30 years (Friberg et al. 1974). 

E. petallothionein Binding 

Metallothionein is a small molecular weight protein that appears to play an 

important role in cadmium's metabolism. Two distinct forms of this protein 

are usually found in tissues. They differ slightly in amino acid composi- 

tion (Winge and Meklossy 1982). Metallothionein can bind cadmium, zinc, 

copper and mercury. The relative affinities of rat kidney metallothionein 

for these four metals are in the order of mercury>copper>cadmium>zinc 

(Foulkes 1982). This is probably the same order found for metallothionein 

in other tissues and species. 



Metallothionein is in many tissues, with the highest concentrations found in 

e the liver and kidney, where the highest levels of cadmium are also found. 

Most of the cadmium (80%) in these two organs is bound to metallothionein. 

In the kidney most metallothionein contains cadmium and zinc, followed by 

copper (Kagi et al. 1984). As the cadmium concentration in the kidney 

increases, there is a proportional increase in the concentration of zinc 

(Friberg et al. 1974). At high cadmium concentrations, the zinc concentra- 

tion no longer increases. 

Metallothionein synthesis is induced when cadmiwn or zinc is given 

pareterally. Induction is greatest in the liver, although it is also in- 

duced in other tissues such as the kidney and pancreas. The biological 

halflife of metallothionein has been found to be relatively short (5 days 

or less), especially when compared to the biological half-life of cadmium. 

Thus, cadmium and zinc ions are released by degradation of the protein and 

then are bound to new metallothionein that is constantly being synthesized. 

The physiological role of metallothionein is not fully understood. 

Metallothionein is probably a transport and storage protein for trace ele- 

ments, such as zinc and copper, that are essential for many physiological 

functions. Because cadmium is chemically similar to these essential ele- 

ments, metallothionein can effectively detoxify cadmium by binding with it, 

but metallothionein enables the body to efficiently store cadmium until it 

becomes a problem. 

When cadmium is combined with metallothionein, it is less toxic to many 

target organs. Injections of cadmium-bound metallothionein did not cause 

testcular damage in animals while a similar dose of cadmium chloride did. 
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However, cadmium-bound metallothionein is more toxic to the kidney than is 

cadmum chloride (Nordberg 1971). This is in part explained by the fact that 

most free cadmium is taken up by the liver and only a small percentage (10%) 

is found in the kidney whereas about 90% of the metallothionein bound cad- 

mium ends up in the kidney. Since metallothionein is freely filterable by 

the glomerulus and is then actively reabsorbed from tubular fluid, high 

levels of free cadmium are likely to occur in the tubular cells following 

degradation of the metallothionein protein. The lack of sufficient new 

unbound metallothionein to bind with free cadmium allows the latter to 

produce a toxic effect on the cells. This is similar to the mechanism 

proposed for renal toxicity following chronic exposure to cadmium. 



VI. Acute Health Effects 

Cadmium has a moderately acute toxicity with a oral LD,, in rats that 

varies from 72 to over 225 mg/kg depending on the chemical form (see 

Table V I  The toxic effects observed in humans differ depending on 

whether the route of acute exposure is via ingestion or inhalation. 

Symptoms in humans following ingestion of acutely toxic levels of 

cadmium include persistent vomiting, increased salivation, choking 

sensation, abdominal pain, tenesmus, and diarrhea (EPA 1980a). These 

symptoms may occur within 15 to 30 minutes of ingestion. 

Exposure to acutely toxic airborne concentrations of cadmium (see Table 

VI-1) may produce symptoms in humans within 4 to 6 hours that include 

cough, shortness of breath, and tightness of the chest. Acute pulmo- 

nary edema may follow within 24 hours. From 3 to 10 days after 

exposure, proliferative interstitial pneumonitis may occur. In rats a 

fourth stage occurs which involves permanent lung damage in the form of 

perivascular and peribronchial fibrosis (EPA 1980a). 

Both routes of exposure have led to systemic signs of toxicity that 

include renal and liver toxicity in both humans and experimental 

animals. Animal studies have also indicated that acute exposure to 

high levels of cadmium can lead to testicular and placental necrosis 

and other reproductive effects. Reproductive effects are further 

discussed in Section VII.1. 



Table VI-1 

Selected Acute Toxicity IIataa 

Compound Species Route ~ f f e c t ~  ' Dose 

Cadmium (colloidal) 

Cadmium chloride 

Cadmium fluoroborate 
Cadmium fluorosilicate 
Cadmium oxide 

Cadmium oxide 
Cadmium oxide fumes 

Cadmium 

Cadmium oxide fume 
Cadmium oxide fume 

Rat 

Rat 

Rat 
Rat 
Rat 

Rat 
Rat 

Human 

Human 
Human 

Oral 

Oral 

Oral 
Oral 
Oral 

Inhalation 
Inhalation 

Inhalation 

Inhalation 
Inhalation 

LD50 

LD50 
LDLo 
LDLo 

LD50 
LCLo 

LC50 
LCLo 

LCLo 
TCLo 

225 mg/kg 

88 mg/kg 

250 mg/kg 
100 mg/kg 
72 mg/kg 

10 mg/m3 
500 mg/m3/10 min 

39 mg/m3/20 min 

2500 mg/dc 
8.6 mg/m3/5 hour 

a Source: NIOSH 1984b 

b LD50 - dose that is lethal to 50 percent of the experimental population 
LDLo - lowest dose to produce a lethal effect in the experimental population 
LCLo - lowest airborne concentration to produce a lethal effect in humans or in 

the experimental population 
LC50 - airborne concentration that is lethal to 50 percent of the experimental 

population 
TCLo - lowest dose to produce a toxic effect in humans or in experimental 

*populations 

C Although the dose was given in NIOSH (1984b) as 2500 mg/m3, the actual reported 
dose was 2500 minutes x mg/ms Barrett and Card (1947) estimated that the lethal 
concentration was 2900 minutes x mg/kg. For an 8 hour work day the airborne con- 
centration would be 5 mg/m3 and for a 24 hour period the airborne concentration 
would be 2 mg/m3. 



VII. Subacute and Chronic Health Effects 

A. Cardiovascular Effects 

Cadmium has been found to induce hypertension and myocardial changes in 

experimental animals. Friberg et a1. (1974) and EPA (1981) have 

reviewed the literature on these responses in experimental animals and 

humans. The hypertensive effect of cadmium occurs after chronic low- 

level oral exposure, but a transient hypertensive reaction can be 

induced by an acute parenteral administration. Perry et al. (1977) 

found that exposure through drinking water containing 0.1 to 5 ppm 

cadmium induced hypertension in rats that were exposed for 18 months. 

An exposure level of 0.01 ppm had no effect and high exposure levels of 

10 and 25 ppm did not have a hypertensive response. The mechanism 

behind this reaction has not been determined, but may be related to 

renal toxicity or to an effect on the vasculature. Zinc antagonizes 

this effect of cadmium. 

Cadmium exposure was also found to affect the electrocardiogram recor- 

dings of rats treated for 24 weeks with drinking water containing 5 mg 

of cadmium/liter. Biochemical changes were noted in the myocardium of 

rats treated with cadmium drinking water concentration as low as 1 

mg/liter (Kopp et al. 1978, 1983). 

Epidemiological studies have not found a statistically significant 

association between cadmium exposure and hypertension. Inskip et al. 

(1982) reported nonsignificantly elevated SMRs for hypertensive deaths 



for residents in a town with high soil cadmium content while the con- 

trol town had a deficit of such deaths. The rate ratios were greater 

than two for males, females, and both sexes combined. In another 

epidemiologic study which reported on hypertensive deaths among 

cadmium-exposed workers, Armstrong and Kazantzis (1983) observed no 

deaths 1.7 expected) in the "ever high" exposure group and a nonsig- 

nificant increased risk in the "ever medium" (SMR-178) and the "always 

low" groups (SMR-113). While these results are suggestive, they do not 

permit any generalization. 

Cerebrovascular deaths were significantly elevated among females in the 

exposed town from the study of Inskip et al., but deaths from this same 

cause were reduced in all exposure categories in the study by Armstrong 

and Kazantzis (significantly so for those with "always lown exposures). 

Cadmium does not appear to increase the risk of cerebrovascular death. 

B. Endocrine Effects 

There is some evidence from experimental animal and human studies 

suggesting that cadmium can affect on endocrine organs (EPA 1981). As 

will be discussed in Section VII.1, cadmium can cause testicular 

necrosis at high doses. Since Leydig cells, the androgen producing 

cells in the testes, are damaged, testosterone synthesis is decreased 

or abolished until tissue regeneration occurs. 

As noted above, the pancreas accumulates cadmium. ~iucose intolerance 

and reduced levels of circulating insulin are associated with cadmium 



exposure. Insulin secretion was decreased in rats given in- 

traperitoneal injections of 0.5 mg/kg every other day for 70 days. A 

dose level of 0.25 mg/kg had no effect (Ithakissios et al. 1975). 

Selenium and cadmium pretreatment have been found to antagonize this 

effect. 

Cadmium has also been shown to increase adrenal gland weight, adrenal 

secretion of catecholamines and corticosterone plasma levels in ex- 

perimental animals. These effects occurred following repeated 

parenteral administration of doses of 0.25 mg/kg or more of cadmium 

(Rastogi and Singhal 1975: Der et al. 1977). 

Similar dose levels have been associated with decreased plasma T, and 

T, levels. There were no morphological changes observed in the thyroid 

to associate with the plasma level changes (Der et al. 1977). 

Repeated intramuscular injection of 250 pg of cadmium chloride for 54 

days caused a significant decrease in rat pituitary weight (Der et al. 

1977). Some effects observed in the pituitary may, however, be secon- 

dary to other endocrine effects caused by cadmium. 

C. Bepatic Effects 

Several investigators have reported hepatotoxicity in experimental 

animals exposed to cadmium over long time periods. Rabbits given a 

9.25 mg/kg dose of cadmium by injection five days a week for up to 29 



weeks had an increase in serum glutamic-oxaloacetic-transaminase (GOT) 

actively after 17 weeks of exposure (Axelsson and Piscator 1966). At a 

subcutaneous dose level of 2 mg/kg, 6 days a week for 2 weeks, rabbits 

had increased serum GOT and glutamic pyruvic-transaminase activities 

and there were morphological changes in the liver (Kimura 1971). 

Morphological liver changes without changes in liver function tests, 

have been reported by Stowe et al. (1972) in rabbits given drinking 

water containing 160 ppm cadmium for 6 months. Some liver enzyme 

changes have occurred in rats treated with cadmium via drinking water 

at 1 ppm (Sporn et al. 1970). 

Pronounced changes in liver function are unusual findings in cadmium 

exposed workers, however, this has not been a major focus of most 

epidemiological studies (Friberg et al. 1974). 

D. flineral Metabolism 

Chronic exposure to cadmium has an adverse effect on calcium and phos- 

i 
I phorus metabolism manifested through an observed effect on bone. Bone 

changes in rats given drinking water containing 50 ppm cadmium had 

reduced urinary calcium and phosphorus levels and fat deposition in the 

femoral spongiosa. Treated animals on a calcium deficient diet had 

thinning of the cortical osseous tissue, osteoid borders on trabeculae, 

and a decreased number of osteocytes, and a decrease of acid 

mucopolysacchrides in epiphyseal cartilage (Itokawa et al. 1974). 

Osteomalacia and severe osteoporosis in humans have been associated 

with both occupational and environmental exposure. These are the most 
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prominent effects of Itai-Itai disease. Patients with this disease 

8 generally have hypochronic anemia and renal disfunction (proteinuria, 

glucosuria, and aminoaciduria) as well as skeletal abnormalities. The 

disease has been confined primarily to a Japanese population (mostly 

post-menopausal women) residing in an area that is highly contaminated 

with cadmium. Although the average daily lifetime cadmium intake is 

not known, the highest intake estimates are over 1 mg/day for at lease 

part of their lifetime. The disease is believed to be caused by cad- 

mium's renal toxicity disturbing calcium and vitamin D metabolism, but 

there is evidence that calcium and vitamin D deficiencies may play an 

etiological role. 

E. Hematoloeical Effects 

Cadmium does not appear to'have strong effects on the hematopoietic 

system, although animal studies have indicated cadmium can induce a 

reduction in hematocrit and hemoglobin levels of chronically exposed 

experimental animals (EPA 1981). Administration of supplemental iron 

has restored hemoblogin and hematocrit levels. Friberg et al. (1974) 

reviewed a few epidemiological studies on cadmium-exposed workers where 

it was found these workers had a moderate anemia. 

Decker et al. (1958) found that rats given drinking water containing 

0.5 to 1 ppm cadmium for 1 year had normal hemoglobin levels while rats 

given drinking water containing 50 ppm cadmium for 3 months had low 

hemoglobin levels. Mahaffey et al. (1981) report that rats fed a diet 

containing 50 ppm of cadmium for 10 weeks had reduced bone, kidney, and 



liver iron levels, suggesting that cadmium may have an affect on iron 

metabolism. 

F .  Immunoloaical Effects 

Cadmium has been found to decrease the number of antibody-forming 

spleen cells in mice exposed subchronically via drinking water to 3 or 

300 ppm (Koller et al. 1976). In an unplanned study, it was noted that 

mice being treated with cadmium at 3 and 300 ppm in their drinking 

water had a higher mortality following an accidental intestinal infect- 

ion from fiexomita - than did untreated mice (Exon et al. 1975). 
Cadmium has also been found to decrease thymus and spleen weights of 

mice injected with doses of 0.75 to 6 mg/kg. There was also suppres- 

sion of the induction of delayed hypersensitivity responses and 

decreased memory T-cell and B-cell activities (Kojima and Tamura 1981). 

Emphysema and bronchitis are the primary respiratory effects reported 

from chronic inhalation exposure to cadmium. A causal relationship was 

first reported by Friberg (1950) who noted this effect in workers 

exposed to cadmium oxide dust. Since then the results of several 

epidemiological studies on cadmium-exposed worker populations have 

confirmed this finding. Several animal studies provide supporting 

evidence that cadmium causes emphysematous type changes in the lungs. 

These studies have been reviewed by Friberg et al. (1974) and EPA 



Friberg (1950) exposed rabbits to cadmium iron oxide dust at an air- 

borne concentration of 8 mg/m3 for 3 hours per day, 20 days per month 

over an eight-month period. A11 exposed rabbits showed signs of em- 

physema and inflammatory changes. Prigge (1978) exposed rats to 

cadmium oxide at a much lower airborne concentration--25 to 50 pg/m3 

(as cadmium)--24 hours a day for 90 days. Emphysematous areas and cell 

proliferation of the bronchi and bronchioli were found in all of the 

exposed animals. This finding, however, is in contrast to the absence 

of reported emphysematous changes in rats exposed to cadmium chloride 

at concentrations of 13 to 51 pg/m3 (as cadmium)--23.5 hours per day 

for 18 months and then followed for an additional 13 months (Takenaka 

et al. 1983). 

Two reports indicated that rats given cadmium (17.2 mg/liter) in their 

drinking water for up to 10 months developed emphysematous changes 

(Miller et al. 1974, Petering et al. 1979). Petering et al. (1979) 

reported that supplemental zinc in the animals' diet decreased the 

severity of the changes. 

Human studies have, for the most part, been done in the occupational 

setting. A large number of these studies, reviewed by Friberg et al. 

(1974) have shown .that there are significant changes in pulmonary 

function tests in groups of exposed workers. Many of these studies did 

not control for smoking. Since cigarette smoke contains significant 

amounts of cadmium and there is an association between smoking and 

emphysema and bronchitis, Friberg et al. suggest that there is reason 

to believe that smoking may be of importance. Friberg et al. also 
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observe that, "For cadmium oxide fumes, a prolonged industrial exposure 

to below 0.1 mg/ms might well be considered hazardous with reference to 

emphysema." 

Human studies of the effect on respiratory disease mortality are not 

consistent. The two findings which were statistically significant were 

those by Varner (1983) who found a PMR (proportional mortality ratio) 

of 153 for nonmalignant respiratory disease, and by Armstrong and 

Kazantzis (1983) who found an increased risk for bronchitis standard- 

ized mortality ratio or SMR - 434 for those with "ever high" exposure, 
SMR - 130 for entire cohort. There was a dose-response relationship 

with both intensity and duration of exposure, though other exposures 

may also have played a role. The SMR for nonmalignant respiratory 

disease showed a nonsignificant but elevated risk in the early cohort 

of Lemen et al. (1976) (SMR - 159) and in the followup by Thun et al. 
(1985) (SMR - 154), but these are only modified versions of the cohort 
Varner studied. Andersson et al. (1984) noted two lung disease deaths 

with unusual diagnoses that were considered potentially related to 

cadmium exposure. 

Negative findings were reported by Andersson et al. (1984), and Sorahan 

and Waterhouse (1983). This la.tter study showed a lower SMR (107) for 

men employed earlier (when exposures were higher) than for those 

employed later (128). The ecological study by Inskip et al. (1982) of 

a town with high cadmium soil content showed extreme deficits 

(statistically significant) for "all respiratory diseases", in com- 

parison to all of England and Wales, and also in comparison to a a 



similar nearby town with no exposure to cadmium. However, the exposure 

Q in this town was believed to be by ingestion of food grown in con- 

taminated soil, rather than by inhalation. 

In an epidemiological study not reviewed by Friberg et al. (1974), 

workers from different factories, an electronic workshop, a nickle- 

cadmium storage battery factory, and two cadmium-producing plants, were 

used to examine pulmonary effects (Lauwerys et a1. 1974, 1979). I 
Control groups for each factory were selected and matched according to 

sex, age, weight, height, smoking habits, and socio-economic status. 

Two groups of exposed male workers were formed. One group consisted of 

workers who had been was exposed to cadmium dust and fumes for less 

than 20 years with an average length of 7.5 years. The second group 

e was made up of workers who had been exposed an average 27.5 years 

primarily to cadmium oxide fumes. The highest respiratory dust levels 

(undefined) measured in these factories ranged from 21 to 65 pg/m3. 

Both exposure groups had statistically significant decreases in 

spirometric indices of forced vital capacity, forced expiratory volume 

in one second, and peak expiratory flow rate compared to the respective 

controls. These changes were considered to indicate a mild form of 

obstructive lung disease. 

In a second study, Lauwerys et al. (1979) did a more detailed lung 

function test on a group of 18 cadmium workers with more than 20 years 

(average 32 yrs) of exposure. At the time of the study measured total 

airborne cadmium ranged from 3 to 67 pg/m3, but some workers may have 

been exposed to levels higher than 350 pg/m3 prior to 1970. The only 
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statistically significant changed compared to matched controls was in 

closing capacity. Although a number of parameters indicating obstruc- 

tive lung disease were found to differ from control values, the changes 

were not statistically significant. The authors conclude that the 

functional impairments observed from chronic cadmium inhalation ex- 

posure are only slight compared to the renal effects that were also 

studied. 

A group of non-smoking female workers with an average exposure period 

of 4.4 years at total airborne cadmium concentration of 10 pg/m3 ( 4  

pg/m3 respirable dust level) was also examined by Laurwerys et al. 

(1979). There were no significant lung function changes found for the 

exposed group compared to a matched control group. The negative find- 

ing may be due to the lower exposure level or shorter exposure period. 

Both animal and human studies have found pulmonary effects at airborne 

concentrations of around 20 pg/m3. No effects were found in an animal 

chronic inhalation study at levels of 13 to 51 pg/m3 nor in a human 

study at an average exposure level of 4 pg/ms for an average of 4.4 

years. 

H. Renal Effects 

Cadmium-induced renal toxicity has been found in experimental animals 

and in both occupationally and nonoccupationally exposed populations. 

This effect has received the greatest amount of attention because it 

has been determined to be one of the most sensitive adverse effects 



caused by chronic cadmium exposure (Friberg et al. 1974: EPA 1981). 

The literature on renal toxicity has been reviewed by Friberg et al. 

(1974), Kawai et al. (1976), and EPA (1981). Because this effect has 

been so well-documented, the following discussion will just briefly 

describe cadmium-induced renal toxicity, the postulated mechanism, and 

levels of cadmium needed to induce this effect. 

The earliest clinical sign of cadmium induced renal toxicity is 

proteinuria, which occurs in both experimental animals and humans 

(Friberg et al. 1974). The increase in protein excretion is believed 

to be related to renal tubular damage caused by cadmium which inter- 

feres with protein reabsorption from tubular fluid, a metabolically 

active process. The earlv stage of this proteinuria is characterized 

by the relatively large increase of low molecular weight proteins and 

the relatively small increase of large proteins like albumin that are 

excreted and is classified as tubular proteinuria. Clinically, the low 

molecular weight protein 8,-microglobulin is used as a marker for this 

type of proteinuria. Once damage occurs, followup studies of workers 

indicate proteinuria does not decrease even after exposure ends. Thus, 

renal damage appears irreversible (Piscator 1983). Other signs of 

renal dysfunction are glucosuria and aminoaciduria, although these 

usually occur later than proteinuria or following exposure to higher 

levels of cadmium.. An increased incidence of renal stones has also 

been reported in cadmium workers (Friberg et al. 1974). 



Cadmium-indzced proteinuria has occurred without detectable morphologi- 

cal changes in the kidneys. However, severe pathological changes do 

occur with chronic cadmium toxicity. These changes are primarily in 

the proximal tubules, which can appear grossly atrophied or dilated 

with the epithelium flattened. There are also changes in the vascula- 

ture and ischemic atrophy of glomeruli (Bonnell 1955). 

The mechanism of renal tubular damage is believed to be an overload of 

the detoxification mechanism for cadmium in the kidney (Friberg 1984). 

As noted in Section V.E, much of the cadmium that accumulates in the 

kidneys is in the form of cadmium-bound metallothionein, which is 

freely filtered through the glomerulus and then reabsorbed by the 

tubular cells like other low molecular weight proteins. Reabsorption 

via pinocytosis results in cadmium-bound metallothionein accumulation 

in the lysosomes, where the protein is catabolized and the cadmium ion 

is released. Free cadmium is normally and rapidly bound to new met- 

allothionein. Toxicity results when the kidneys can no longer produce 

sufficient metallotheionein to bind excess free cadmium. An early 

toxic effect is on the reabsorption process of low molecular weight 

proteins which results in tubular proteinuria. Histopathological 

changes in the vasculature of affected kidneys may also be due to free 

cadmium, since cadmium has been found to affect the vasculature in 

other organs, such as the testes and placenta. 

A dose-response relationship for cadmium-induced renal toxicity, has 

been determined by working backwards from the tissue concentration at 

which toxicity occurs. This is a reasonable approach since the 



biological half-life of cadmium is approximately 10 to 30 years 1 

(Friberg et al. 1974). 

Several animal studies have shown that morphological changes and/or 

proteinuria occurred with kidney concentrations of 150 to 225 pg/g wet 

weight (Kawai et al. 1976, Nomiyama 1975, Suzuki 1975). Friberg et a1. 

(1974) proposed that 200 pg/g wet weight of kidney cortex was the 

"critical concentration" based on limited human autopsy data. The 

critical concentration was never explicitly defined but appears to be 

the average concentration at which an effect was observed. WHO (1977) 

agreed with this estimate, but gave a range of 100 to 300 pg/g. 

Nomiyama (1977) suggested that 200 pg/g wet weight is too low of an 

estimate because Friberg et al. included cases who had morphological 

changes. Morphological changes could indicate loss of cadmium from the 

tissue since dead tubule cells containing cadmium would be sloughed off 

and excreted in the urine. Lower renal cortex cadmium levels were 

found in cases with pathological changes compared to cases that only 

had proteinuria. 

More recent attempts to correlate renal cortex concentration to renal 

toxicity have compared the degree of proteinuria to renal cadmium 

levels determined by the & measurement technique of neutron 

activation (Roels et al. 1979, 1981, 1983, Ellis et al. 1981). This is 

a noninvasive method that allows tissue measurements of cadmium in 

healthy subjects. Unfortunately, there have not been studies comparing 

this technique to those of conventional analytical techniques (Friberg 

1984). However, it was believed by Friberg, ~jellstrQm, and Elinder to 
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be suf'i ciently accurate to determine the critical concentration 

(Kj'ellstrkm et al. 1984). 

~jellstrQm et al. (1984) evaluated the approaches used by Roels et al. 

(1981) and Ellis et al. (1981) to estimate the critical concentration, 

incorporating data generated in these studies to expand the concept of 

"critical concentration" to include the expected population response 

rate designated the "population critical concentration" (PCC) (Friberg 

and Kjellstrkm 1981). The latter is similar in concept to the 

LD,,(lethal dose to fifty percent of a population), so that a critical 

concentration that is expected to affect 10 percent of a population 

would be noted as PCC-10. This new concept is more useful than the 

critical concentration in assessing the risk posed to a population. 

Kjellstrkm et al. (1984) estimated that the PCC-50 is about 250 to 270 

pg Cd/g -wet weight of renal cortex and the PCC-10 is about 180 to 220 e 
pg Cd/g wet weight of renal cortex. 

Friberg et al. (1974) estimated the necessary daily retention of cad. 

mium to achieve a renal cortex cadmium concentration of 200 pg/g wet 

weight based on mathematical models that they had developed. Daily 

retention values were estimated for exposure periods of 10. 25, and 50 

years assuming various biological half-lives of cadmium. The assumed 

half-lives ranged from infinite retention to 9.5 years with a 19 year 

half-life considered to be most plausible by Friberg et al. . Table 

VII-1 lists daily cadmium retention values estimated to achieve a renal 

cortex concentration of 200 pg/g wet weight. Using these values 



Friberg et al. (1974) estimated ambient air concentrations necessary to 

reach the critical concentration in a 10, 25, or 50 year exposure 

period. Absorption from the lungs was considered to be 25 or 50 percent 

(See Section V.A). These ambient air concentrations are listed in 

Table VII-2. For a 50 year exposure period, assuming 50 percent lung 

absorption and a 19 year biological half-life, the corresponding am- 

bient air level is 1.5 pg/ms. Using a similar exposure period and 

biological half-life, the minimum daily cadmium intake from food or 

smoking was estimated to be 350 pg/day and 286 cigarettes/day (0.1 pg 

cadmium per cigarette), respectively. All of these values are inde- 

pendent of each other. Therefore, if ingestion accounted for most of 

the daily cadmium retention, as expected, exposure to airborne cadmium 

would have to be reduced to keep the overall daily retention the same. 

Since the PCC-10 value estimated by ~jellstrkm et al. (1984) is similar 

to the critical concentration originally proposed by Friberg et al. 

(1974), the daily cadmium intake values estimated by Friberg et al. may 

be applicable to the PCC-10 risk level. 
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Source: F r i b e r g  e t  a l .  1974, Table 9:2 

Table VII-? 
N n c q  C d d u m  Conccnlralian (rg/ml) in Ambienl A u  lo 'Reach Crilicd Cadmium 
Cmccnmlion (200 "d: Wet Weight) in Kidney Corler under Di f lmnl  Abraption. Emelion. 
and Eapaau~c Time ~l tsrrvt i res (Venlilatron 2Om'/24 hr)* 

Excrctian per day,% ofbody 
biirdcn (cotrcsponPing binlqical .~ .- . 

Pulmonary sure Igall.time in yean in prienlhexl) 
absorption t in~e in 

f%) ywrr 0 (-) 0.1102 195) 0.005 (381 0.01 (19) 0.0? (9.5) 

Socrrce: r r ihcrg c t  a l .  I ' l 7 4 ,  ? i 1 1 1 1 ~  9:"4 



Recently Ellis et al. (1985) reported a study correlating occupational 

cadmium inhalation exposure to liver and kidney cadmium levels and 

renal dysfunction. The workers were divided into active and retired 

categories with normal or abnormal kidney function. Ellis et al. 

(1985) found a good correlation between the exposure estimates (time- 

weighted cumulative exposure index) for each worker and liver cadmium 

levels (r-0.7, p<0.001). They also found a good correlation between 

exposure levels and kidney cadmium levels in active workers with normal 

kidney function (r-0.83, p<0.001). Active and retired workers with 

abnormal kidney function tended to have lower kidney cadmium levels, 

suggesting a loss of cadmium when toxicity occurs. The percentage of 

workers with abnormal renal function was found to increase with in- 

creasing exposure (see Table VII-3). This relationship was examined 

Using this relationship, the cumulative exposure index for a probabil- 

ity of classifying 10 percent of the workers as having abnormal kidney 

function is about 140 pg/m3. This would be equivalent to continuous 

exposure to an ambient air concentration or 2.8 ~g/m= for 50 years or 

2.0 pg/m3 for 70 years. These values are in close agreement with the 
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using linear logistic regression analysis and was found to be best 

described by the equation: 

where p is the probability a worker would be classified as having 

kidney dysfunction, logit p is in (p/l-p), and TWE is the cumulative 

exposure index. 



value estimated by Friberg et al. (1974). However, they do not take 

into account exposure from other sources that would be expected to 

contribute to the cadmium burden in the kidneys. 

Table VII- 3 

Incidence of Abnormal Kidney Function 

in Relation to Exposure Category a 

Time Weighted 
Exposure Index Renal Function Classification Incidence 
(yr x pg/m3) Normal Abnormal ____.______________---*---------*----.-------.-----------.---.-------------- 

a Abnormal kidney function was defined as a urinary ~2-microglobulin con- 

centration of > 200 pg/g creatinine or total urinary protein > 250 mg/g 
creatinine. 

Source: Ellis et al. (1985), Figure 4. 



I. Reuroductive Toxicity 

Cadmium has been found to cause a variety of adverse reproductive 

effects, including gonadal toxicity, decreased fertility, placental 

toxicity, embryo-and fetotoxicity, teratogenicity, and developmental 

effects. Many of these effects have been extensively studied in ex- 

perimental animals and looked for in human populations. Numerous 

recent reviews have been written on the findings of these studies 

(Barlow and Sullivan 1982, Carmichael et al. 1982, Ferm and Layton 

1981, Bhattacharya 1983, EPA 1981). The summary below will give an 

overview of these findings and only cite studies that give no observed 

effect levels or other specific information. 

1. Gonadal Toxicity 

Testicular Damaee: It has been well documented that cadmium induces 

testicular necrosis in experimental animals given an acute dose by 

intraperitoneal or subcutaneous injection. Pathological changes start 

to occur within hours of exposure, progressing to edema, hyperemia, 

hemorrhage, thrombosis and ultimately necrosis of the interstitial 

tissue and seminiferous tubules. Along with this tissue damage, there 

is loss of-androgen production, which may account for changes in some 

accessory sex organs such as the prostate. Cadmium may also have a 

direct effect on the prostate. Variable recovery of the androgen 

producing tissue does occur; however, there is no regeneration of the 

seminiferous tubules. 
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Testicular damage is generally believed to be secondary to cadmium's 

effect on the capillary endothelium. Capillary damage causes the 

micro-vasculature to become obstructed, resulting in tissue ischemia. 

The damage caused by cadmium can be prevented by simultaneous ad- 

ministration of zinc, selenium, cysteine, estrogen, or by pretreatment 

with non-toxic doses of cadmium. The antagonistic effects of zinc and 

selenium may be due to an increased intracellular concentration of 

these metals that prevents cadmium from being incorporated into essen- 

tial zinc or selenium enzymes. Cadmium incorporation may reduce or 

abolish these enzyme activities. Pretreatment of small amounts of 

cadmium probably induces metallothionein synthesis and therefore less 

free cadmium is available. 

Krasovskii et al. (1976) reported that adverse effects in the testicles 

of rats given cadmium chloride in their drinking water at a dose level 

of 0.5 and 5 pg/kg but not at 0.05 pg/kg. EPA (1981) states that these 

reported findings must be viewed with caution because the high control 

blood levels of cadmium reported are not consistant with the dose 

levels and because the doses used are less than those likely to be 

found in food. Dixon et al. (1976) reported that no gonadal effects 

occurred in rats given drinking water containing 1 to 100 pg/l (maximum 

dose 14 pg/kg/day) for up to 90 days. Similarly, Loeser and Lorde 

(1977) reported that no effects occurred in rats fed diets containing 1 

to 30 ppm. cadmium chloride. Senczuk and Zielinska-Pauja (1977) did 

report finding damage to spermatogenic tubules and slight interstitial 

tissue hypertrophy in rats fed diets containing cadmium chloride at 8 

or 88 mg/kg diet (ppm) for 12 to 15 months but not when fed the diets 



for 3 or 6 months. The extent of damage to the spermatic tubules could 

0 not be ascertained nor could the study be evaluated since the informa- 

tion was reported in an abstract. 

Ovarian damaee: High doses of cadmium chloride, 3 to 10 mg/kg, given 

by subcutaneous injection have been reported to cause ovarian hemor- 

rhage in mice and rats. Lower doses of 0.22 and 0.45 mg cadmium/kg 

produced this effect in immature and mature gerbils. Although ovarian 

follicles in rats underwent mass atresia following injection, upon 

recovery new follicles differentiated from primordial oocytes and the 

ovary appeared histologially normal. The effect was found to be in- 

hibited with simultaneous injection of zinc or selenium. Der et al. 

(1977) reported that daily intramuscular doses of 50 or 250 pg of 

cadmium chloride for 54 days did not induce any histological change in 

ovaries of treated rats even though a persistent diestrus was seen in 

the high dose animals. 

2. Fertility 

Following cadmium-induced testicular atrophy, there is regeneration of 

the interstitial tissue. However, there is little or no regeneration 

of spermatogenesis, so that infertility has been observed in several 

studies. At a dose, 1 mg/kg by intGaperitonea1 injection, that caused 

little or no histopathological effect in the testes, a study in mice 

indicated that fertility can be reduced, but recovery is possible (Lee 
I 

and Dixon 1973). 



The effect of cadmium on the fertility of females has not been well- 

studied. Only one study (Sutou et al. 1980) suggested that females 

given an oral dose of 10 mg/kg/day for three weeks had reduced 

fertility. Doses of 0.1 and 1 mg/kg/day had no effect. In this study 

the males were also treated, but, when mated with untreated females, no 

effect on fertility was observed at any dose level. 

3. Placental Toxicity 

Cadmium has been shown to induce acute hemorrhagic necrosis of the 

placenta in laboratory animals given high doses (>1 mg/kg) by systemic 

injection. Toxicity is believed to be due to cadmium's effect on the 

vasculature of the placenta, producing ischemia in the tissue similar 

to the effect found in the testes. Cadmium may also be directly toxic 

to placental tissue (Di Sant'agnese et al. 1983). 

4. Embrvo and Fetotoxicitv and Teratoeenicitv 

' Cadmium is fetotoxic: exposure to levels as low as 8 ppm in the diet 

or 600 pg/m3 in the air throughout pregnancy induced a decrease in body 

weight and hemoglobin levels of fetal or newborn rats. Following 

parenteral administration of cadmium at dose levels of around 1 mg/kg, 

an increase in the percentage of resorptions per litter was observed. 

Large doses of cadmium produce rapid fetal lethality due to cadmium's 

placental toxicity. 



In addition to causing fetal toxicity, cadmium is also teratogenic. 

This effect has been observed in an extensive number of studies on a 

variety of laboratory rodent species, as well as in a few studies on 

birds, fish, and amphibia. The major abnormalities reported to occur 

in rodents are cleft palate, limb defects, incompletely developed lung, 

and CNS defects, such as hydrocephalus and exencephalus. 

The dose of cadmium required to induce malformations in rodents has 

been in the range of 0.6 to 5 mg/kg given parenterally during the 

period of organogenesis. Ishizu et al. (1973) reported that a sub- 

cutaneous injection of 0.63 mg/kg cadmium on day 7 of pregnancy induced 

a small number of malformations in mice; however, a dose of 0.33 mg/kg 

did not induce such effects. Nolen et al. (1972a) reported an increase 

in malformations in rats orally treated with cadmium at 4 mg/kg from 

days 6 to 14 of gestation, but not when treated at dose levels of'O.01 

mg/kg. However, this finding of malformations could not be replicated 

in a second study (Nolen et al. 1972b). 

Cadmium fetotoxic and teratogenic effects have both been found to be 

antagonized by simultaneous administration of zinc or selenium. 

Pretreatment with low doses of cadmium have also decreased the 

fetolethality and teratogenicity of cadmium. This latter effect is 

probably due to induction of metallothionein, which then detoxifies the 

later dose! of cadmium. 



Animals studies have indicated that developmental effects occur follow- 

ing exposure during gestation, including decreased weight gain, 

depressed spontaneous activity and other neurobehavioral deficits. One 

explanation for these effects is that some essential elements, such as 

zinc, copper and iron, are inhibited from crossing the placenta by 

cadmium (Carmicheal et al. 1982). 

6. guman Re~roductive Effects 

Few studies have dealt with cadmium's effect on human reproduction. 

Smith et al. (1960) reported on the histopathology of testes in an 

autopsy series of five cases with work histories of intermittent oc- 

cupational exposure to cadmium fumes ending 5 to 19 years before death. 

The testes were found to be microscopically normal; however, low levels 

or an absence of spermatids and spermatozoa were observed 

microscopically. The authors suggested the effects on spermatids and 

spermatozoa were due to the terminal illness and not cadmium exposure. 

Favino et al. (1968) reported that one of ten male workers manufactur- 

ing nickel-cadmi.um storage batteries was impotent but no conclusion can 

be drawn from this anecdotal report. 

Tsvethkova (1970) reported that children born to women working in an 

alkaline battery factory and a zinc molding factory, where cadmium 



exposures ranged from 0.1 to 25 mg/m3 and 0.02 to 25 mg/m3, respec- 

tively, had significantly lower birth weights than an unexposed control 

group. Four of 27 children born to women working in the zinc molding 

factory were reported to be born with clear signs of rickets. The 

details provided in the study are not sufficient to evaluate these 

results (Barlow and Sullivan 1982). 

7. Conclusion 

Animal studies have shown that cadmium can have multiple effects on 

reproduction. It is toxic to the gonads and placenta and can cause 

fetotoxicity and teratogenicity. Adequate human evidence of 

reproductive toxicity is lacking and a no-observed-effect-level (NOEL) 

cannot be estimated from human data. Animal data would suggest the 

NOEL to be no greater than 100 pg/kg/day. This would be equivalent to 

an airborne concentration of about 330 pg/mS. Even when safety factors 

are included to take into account population and species variability, 

and exposure duration, the ambient exposure level is below what might 

reasonably be considered a safe exposure level for reproductive 

toxicity. 

J. Carcinovenic Effects 

1. Mutagenicity 

The mutagenic potential of cadmium has been examined using a variety of 

methods and test systems. Prokaryotic systems have been used to assess 



gene mutation and reparable genetic damage caused by cadmium. Gene 

mutation has also been studied in yeast, Drosophila, and mammalian 

cells. vitro and in vivo work has been done to assess the role of 

cadmium in inducing chromosomal aberrations in mammalian systems in- 

cluding humans. Many of these studies have recently been reviewed and 

evaluated by EPA (1985). The following discussion summarizes the 

general findings from these studies. 

Using Salmonella tester strains, several studies have 

indicated that inorganic cadmium salts do not induce gene mutations. 

A positive response was observed in one study where cadmium diethyl- 

thiocarbamate was tested (Hendenstedt et al. 1979). This effect 

occurred at only one of the intermediate concentrations used, so no 

dose-response relationship was observed. However the effect occur at 

that concentration in two different tester strains. Zinc diethyl- 

thiocarbamate was also mutagenic in this study, suggesting that 

diethylthiocarbamate and not cadmium was the mutagenic moiety. The 

results of two studies using the Bacillus subtillis rec-assay indicate 

that cadmium in soluble inorganic salts is weakly mutagenic in that 

system (Nishioka 1975, Kanematsu et al. 1980). Cadmium was also found 

to act synergistically with a potent mutagen, N-methyl-N-nitro-N- 

nitrosoguanidine, in the S, twhimurium test system (Mandel and Ryser 

1981). 

Cadmium chloride was reported to produce a positive mutagenic response 

in the yeast Saccharomvces cerevisiae (Takahashi 1972). However, this 

effect was weak and did not follow a dose-response relationship. In 



addition, one endpoint, petite mutations, involve mitochondria1 DNA and 

not nuclear DNA. 

Positive mutagenic responses have been reported for cadmium chloride 

and cadmium sulfate when tested in the mouse lymphoma L5178YTK+/- assay 

system. This effect occurred in a dose-related manner at cadmium 

concentrations between and ~ o - ~ M  (Oberly et al. 1982). Other 

mammalian cell test systems have also been reported to show weakly 

positive mutagenic activity when soluble cadmium salts were used. 

A number of studies have been conducted with prosouhila melano~aster as 

the test organism, using different endpoints to test cadmium 

mutagenicity. Most test results were considered negative (Sorsa and 

e Pfeifer 1973, Sabalina 1968, Ramel and Magrusson 1979, Inone and 

Watanabe 1978). The results reported for one study, however, indicated 

that cadmium chloride induced an increased frequency of dominant lethal 

mutations (Vasudev and ~rishnamurth~ 1979) . 

Cadmium's ability to induce chromosomal aberrations has been studied in 

vitro systems using human cells and other mammalian cell lines with 

mixed results. Cadmium sulfide was reported to have induced a large 

number of chromosomal aberrations in human lymphocytes in one study 

(Shiraishi et al. 1972). This study has been criticized because the 

cells came from only one donor, only one concentration of cadmium was 

used, the solvent used for the insoluble cadmium compound was not 

stated, and only a limited number of cells were examined. A second 

study was also reported to have been positive using human lymphocytes 
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exposed to cadmium acetate over a concentration range of 4 orders of 

magnitute (Gasiorek and Barichinger 1981). Although there was a dose- @ 
related increase in chromosomal gaps, the increase in structural 

aberrations was not dose-related. Other studies with human lymphocytes 

using similar concentrations were reported to be negative. 

Soluble cadmium salts have been reported to induce chromosomal aberra- 

tions in other cultured mammalian cells at concentrations similar to 

the ones that caused this effect in human lymphocytes. Rohr and 

Bauchenger (1976) found that cadmium sulfate induced numerical 

chromosomal aberrations in the Chinese hamsters cell line "Hy" by 

interfering with spindle function. Cadmium chloride induced 

chromosomal aberrations in cultered Chinese hamster ovary cells when 

grown in the presence of bovine serum but not when the bovine serum in 

the media was replaced by fetal calf serum (Deaven and Campbell 1980). 

This suggests the culture media used can influence the outcome of a 

study . 

As in the other test systems, results from Jn vivo animals studies on 

cadmium mutagenicity and clastogenicity have been mixed. Several 

mutagenicity studies looking for dominant lethal effects in rats gave 

negative results. However, dominant lethal assays are relatively 

insensitive for detecting all types of mutagens (Russel and Matter 

1980). On the other hand, several studies showed that cadmium treat- 

ment induced nondisjunction in oocytes and blastocytes of experimental 

animals. Cadmium chloride did not induce chromosomal aberrations nor 

4D 



increase the frequency of micronuclei in bone marrow cells of treated 

9 mice. 

A.number of studies have examined whether occupational or environmental 

exposure to cadmium increased the number of chromosomal aberrations 

found in human blood lymphocytes. Two out of six studies reviewed by 

EPA (1985) reported significant increases. One of the positive studies 

had been on Itai-Itai patients, but a negative study was also reported 

in Itai-Itai patients (Shiraishi 1975, Bui et al. 1975). Patients from 

the negative study had not been given drugs or x-rays while the cohort 

of the positive study was not controlled for these factors, which can 

seriously influence the results of this type of study. The cohort from 

the other positive study had been occupationally exposed to cadmium and 

other metals. These other metals may also have had an effect. 

Although not all genotoxicity studies on cadmium were positive, the 

results of several studies on mammalian and bacterial gene mutation and 

chromosomal aberrations in-cultured mammalian cells and intact animals 

that suggest that cadmium is mutagenic. However, a definitive conclu- 

sion cannot be made until the bases for discrepancies in results of 

similar studies are better understood. 

In summary, bacterial test systems have given conflicting results. 

Inorganic cadmium salts failed to induce reverse mutations in 

Salmonella tvuhimurium tester strains used in an Ames assay system; 
r 

however, they were found to be weakly mutagenic to Bacillus subtilis 

strains used in the rec-assay system. The discrepancy could be from 



species or assay system differences. Soluble cadmium salts were weakly 

mutagenic in a number of studies using mammalian cells. Although the 

high concentration of cadmium proved to be toxic in some studies, 

positive findings were obtained when cell survival was considered 

adequate. Only one of a number of mutagenicity studies using 

m a  melanovaster reported positive findings. In vivo animal 

mutation studies have been negative, but these studies are relatively 

insensitive. 

Mixed results were found in studies that examined cadmium's ability to 

induce chromosomal aberrations in cultured animal and human cells. One 

study indicated that cadmium may cause some aberrations by interfering 

with spindle function. Results of another study suggest that culturing 

conditions could significantly affect the results and thus make it 

difficult to draw any conclusions from these in vitro studies on 

chromosomal aberrations. & animal studies have produced mixed 

results. The positive findings indicated that cadmium affected spindle 

function. These findings in vivo correlate with the findings of one 

study. Although an increase in chromosomal aberrations has been 

fourid in two studies on lymphocytes taken from exposed humans, con- 

founding factors may have affected the validity of these results. 

The information reviewed suggests that cadmium may induce mutations and 

chromosomal aberrations. However, this evidence is limited and in a 

number of cases there are conflicting results. Therefore, at this time 

the staff of DHS regards the evidence of genotoxicity as suggestive but 

inconclusive. 



2. Carcinoeenicitv 

Animal Studies 

Cadmium has been the subject of numerous studies in experimental 

animals to determine its carcinogenic potential. Many of these studies 

involved subcutaneous or intramuscular injection, others oral ad- 

ministration, and several recent studies have involved intratracheal 

infection or inhalation of an aerosol. These studies have been exten- 

sively reviewed elsewhere (IARC 1973, 1976; EPA 1981, 1985; Sunderman 

1977) and for the most part will only be briefly discussed here. 

Iniection Studies 

Most studies in which rats wer-e given subcutaneous or intramuscular 

injections of a cadmium compound found that injection site tumors 

formed. The cadmium compounds used were primarily soluble inorganic 

cadmium salts, but insoluble cadmium salts and cadmium metal powder 

were also effective in inducing tumors. The tumors that were formed 

were sarcomas, which are the most common type of injection site tumor. 

Induction of injection site sarcomas can indicate a compound is car- 

cinogenic, but the studies are not useful for quantitative evaluation 

of the compounds carcinogenic potential because of the atypical route 

of exposure. The vast majority of injection route studies have been in 

rats and only a small number of mouse studies have been reported. 

Injection site tumors have not been seen in the few studies conducted 

with mice. 



Although injection site tumors were not found in mice, in one study a 

high incidence of interstitial-cell tumors of the testis was found in 

treated mice, while no such tumors were found in control animals (Gunn 

et al. 1963). Tumors formation followed cadmium-induced testicular 

damage and tissue regeneration. Similar findings of a high incidence 

of interstitial-cell testicular tumors were also reported to have 

occurred in a number of rat studies (Gunn et al. 1964; Levy et al. 

1973; Poirier et a1. 1983). In a recent study (Poirier et a1 1983), 

rats given a subcutaneous injection of cadmium chloride were found to 

have a significantly increased incidence of pancreatic islet cell 

tumors (3 of 137 control, 22 of 259 treated; pC0.02). This is of 

interest because the pancreas is one of the tissues found to accumulate 

cadmium. 

In two studies Gunn et al. (1963,1964) injected rats with zinc acetate a 
at the same site as cadmium chloride but at 100 times the dose. They 

found that zinc decreased the incidence of local and interstitial cell 

testicular tumors. Poirier et al. (1983) found that magnesium acetate 

injected at the same site as cadmium chloride at 300 to 600 times the 

dose inhibited formation of local tumors but did not have a noticeable 

effect on the induction of testicular tumors. 

Several of chronic studies have been conducted in which soluble cadmium 

salts were administerd to mice or rats via their drinking water or diet 

or by gavage. None of these studies indicated that cadmium was 



carcinogenic. The most adequate studies conducted include those done 

by Levy and Clack (1975) and Levy et al. (1975) who examined the car- 

cinogenicity of cadmium sulfate in rats and mice, respectively. Groups 

of 50 male rats were given weekly oral doses of 0.087, 0.18, or 0.35 mg 

cadmium sulfate& for a two year period. No increase in tumor in- 

cidence was observe. Groups of 50 male mice were given weekly oral 

doses of 0.1*4. 0.88, or 1.75 mg cadmium sulfate/kg. No increase in 

tumor incidence compared to the control group was observed in this 

study. The primary objective of these studies was to investigate 

prostate cancer and therefore the number of tissues examined was 

limited. In addition the rat strain used has a normal high lifetime 

incidence of spontaneous interstitial cell tumors which makes it very 

difficult to observe an increase in this type of tumor. 

EPA (1985) evaluated an unpublished FDA (1977) study. Groups of 26 to 

32 male and 26 to 29 female Charles River rats were given diets con- 

taining 0, 0.6. 6, 30, 60, 90 ppm cadmium chloride for 103 weeks. No 

increase incidence of any tumor was found. These levels of cadmium did 

not have an effect on survival, although electron microscopy revealed 

some changes in the kidneys. 

Loeser (1980) also conducted a two year carcinogenic bioassay in rats. 

Groups of 50 male and 50 female Wistar rats were given cadmium chloride 

in their diets at concentration of 0, 1, 3, 10, or 50 ppm cadmium. The 

only statistically significant effect was a reduction in body weight of 

the high dose male group. 



Sanders and Mahaffey (1984) examined the carcinogenic potential of 

cadmium oxide in male rats by intratracheal instillation. The rats 

were treated one, two or three times with 25 pg of cadmium oxide. The 

first administration was given at 70 days of age and then at 100 and 

130 days of age depending on the total dose to be given. i.e. 25, 50, 

or 75 pg. The animals were then followed for their lifetime. No 

differences were found in survival times or organ weights between 

treated and control groups. Using life-table and contingency table 

statistical analyses a signtficant increase in benign mammary 

fibroadenomas was observed in the high dose group. Additionally, there 

was a significant increase in the number of rats in the high dose group 

that had three or more tumor types. 

Hadley et al. (1979) exposed a group of 61 male Wistar strain rats one 

time to an airborne cadmium oxide aerosol concentration of 60 mg/ms for 

30 minutes. The mass median diameter of the particles was 1.4 pm with 

a geometric standard deviation of 1.9 pm. Seventeen animals were used 

as controls. Twenty-seven exposed animals died within three days from 

acute pulmonary edema. The remaining animals were then observed for 

one year. No morphological changes were noted in the lungs of exposed 

animals, although one animal did have a well-differentiated pulmonary 

adenocarcinoma. The authors observed that this tumor's relatively 

short latency period and the low spontaneous incidence (0.1%) of such 

tumors suggested that it resulted from cadmium exposure. 



Both the Sander and Mahaffey (1984) study and the Hadley et al. (1979) 

scudy are not adequate to assess carcinogenic potency, since the 

animals were only exposed for short periods and, in the Hadley et al. 

(1979) study, were not followed for sufficient time. Without con- 

tinuous exposure, effects in the lungs may not occur or the study may 

not be sensitive enough to detect adverse effects. 

In the only long-term inhalation study, Takenaka et al. (1983) exposed 

rats to several concentration of a cadmium chloride aerosol. Groups of 

40 male Wistar rats were exposed to a continuous (23.5 hours/day) 

airborne concentration of 13.4, 25.7, or 50.8 pg of cadmium/mg of air 

for 18 months. A control group of 41 rats was exposed to filtered room 

air. The aerodynamic mass median diameter of the aerosol particles was 

0.55 pm with a arithmetic standard deviation of 0.&8 pm and a geometric 

standard deviation of 1.8 pm. The rats were followed for an additional 

13 months before surviving rats were sacrificed. 

There were no statistically significant differences seen in body weight 

or survival between exposed and control groups. The incidence of lung 

carcinomas was significantly increased (p > 0.014, Fisher's Exact Test) 

in all exposure groups. Three lung tumor types were identified, 

adenocarcinoma, epidermoid carcinoma, and mucoepidermoid carcinoma. 

The numbers of animals in each group that had these tumors types are 

given in Table VII-4. The first lung tumor was observed at 20 months. 

In the high-dose group, the first tumors were observed at 23 months and 

23 out of 25 animals in this group dying or sacrificed after 27 months 

had lung tumors. Thus, these appear to be late-developing tumors. 
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This observation suggests the need for studies of long duration in 

order to detect increased tumor incidence from exposure to other cad- 

mium compounds. 

e 

Injection and inhalation exposures to cadmium have caused increases in 

the incidence of neoplasms. No study, in which cadmium has been ad- 

ministered by the oral route, has shown such exposure to induce 

neoplasms. The most likely explanations for this discrepancy are that 

limited gastrointestinal absorption reduces the systemically absorbed 

cadmium to levels that were too low for the statistical power of the 

studies to detect a carcinogenic response and the gastrointestinal 

tract epithelical tissue is not a sensitive tissue for cadmium induced 

carcinogenicity. 

Human Studies 

The EPA has produced a detailed and up-to-date review of the 

epidemiologic evidence on health effects due to cadmium exposure (EPA 

1985). Staff members of DHS have summarized the most important and/or 

current studies in Table VII-5. Most of the studies were occupational 

mortality studies in which cause-specific death rates were compared to 

expected rates based on a standard population; the ratio of observed to 

expected yielding a standardized mortality ratio (SMR). The studies by 

Thun et al. (1985) and Varner et al. (1983) are both follow-up studies 

of the cohort examined by Lemen et a1. (1976) The study by Armstrong @ 



and Kazantzis (1983) combined men from 17 plants in which a potential 

for cadmium exposure is present. Two studies focused on prostate 

cancer incidence rather than mortality: a cohort study in an occupa- 

tional setting (Sorahan and Waterhouse, 1985); and a case-control study 

from a population-based tumor registry (Ross et al. 1983). Inskip et 

a1 (1982) conducted an historical cohort SMR study on the populations 

of two towns, one with and the other without high soil cadmium content. 

A case-control study of renal cancer examined cadmium exposure via 

several routes (Kolonel 1976). 

Outcomes examined in these investigations included cancer of the 

respiratory tract, prostate, bladder, kidney, and gastrointestinal 

tract; nonmalignant causes of death included: gastrointestinal dis- 

ease, respiratory disease, nephritis and nephrosis; cerebrovascular 

disease, and hypertension. The results are not entirely consistent, 

but the evidence for an effect of cadmium exposure is strongest for 

lung cancer, prostate cancer, renal cancer, and nephritis and 

nephrosis. Discussions of carcinogenic effects are presented below in 

three sections: 

(a) Genitourinary Cancer 

(b) Respiratory Cancer: Overview 
a ' _  

(c) Respiratory Cancer: Study by Thun et al. 
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I AUTHOR 6 DATE STUDY DESIGN METHOD OF N CUICCNES RESULTS NOTES 
ANALYSIS 

HOU EXPOSURE ASSESSED 8 

3rahan 6 Occup SWR 

aterhouse 1983 
I fo l lovup o f  report by 

Kipl ing ard Yaterhwse 

1967, not shorn i n  t h i s  

table1 

Cohort consists of 
a l l  potent ia l ly  exposed 

workers. 

sHR 3025 A l l  Ca KO quant i f icat icn for  St!R 

Prostate Ca 

Resp Ca + 
RHLT 2912 Prostate ca + )  NO l ower  posi t ive i f  for RHLT 

i n i t i a l  cases o f  ea r l i e r  Clmrlative years of 

st* are excluded. enplo)ment in (1) high or 

Resp Ca + Posit ive for  those with length (2)high or  d e r a t e  
of f o l l o n q  > 30 years exposure job. 

N m l i g n  resp d i s  

jorahan 6 Occup incidence S I R  2559 Prostate Ca (t) Exclusion of 4 irdex cases yields l o  quant i tat ive assessment 

daterhouse 1985 [ further follouup of incidence nonsignificant result, while A l l  wrkers  in factory 

1983 report by sane inclusion of the or ig lna l  I were cmsidered uposed 

authors1 yields p - .001 i f  employed. 1 mnth. 

Armtrong & OCCUP St4R SMR 6995 Prostate Ca 

Kazantzis 1983 

Carbined men fran 17 L u y l  Ca (+) 

major plants involved i n  

processes using cadaim 

These workers were there- 

fore exposed t o  di f ferent 

f o r m  of cadniun, eg dusts. 

oride f w s ,  etc. They were Cerebrovascular d is  - 
also heterogeneous with Hypertensive d i s  
respect t o  other chemical Bronchitis + 
exposures. 

Cases based cn Birininghm 

Regional Cancer Registry. 

Ccnpleteness o f  that reg is t ry 's  
ascertairnent was not 

discussed 

Each job was categorized 

as high, md, or low 

suR signi f icant a t  pe.05 for exposure. The wrkers  
vorkers with .I0 years "always were c lass i f ied as 

low" exposure. Other "ever high," (3%) 
categories had low power. "ever medim,. (17%) 

or  'aliays tow* (80%) 

Highly s igni f icant fo r  the 

small g r w p  with "ever 
high" exposure 





Genitourinarv Cancer 

Noncarcinogenic effects of cadmium on kidney function have been well 

documentd (See Section VII.H), however, the rarity of renal cancer 

renders prospective studies impractical for detecting an increase in 

neoplasms at this site. A case-control study of renal cancer among an 

occupationally exposed population utilized two control groups: (i) 

colon cancer cases (as a means of equalizing proclivity for recall of 

previous exposure), and (ii) nonmalignant digestive disease cases 

(Kolonel 1976). The renal cancer cases were characterized by a greater 

odds of having worked in a job with a high risk of cadmium exposure 

than either control group. Later findings by Thun et al. 1985, Varner 

1983 showed that nonmalignant digestive disease may also be associated 

with cadmium exposure. Since any association between the disease of 

the control group and cadmium will tend to mask the effect on renal 

cancer, the positive finding by Kolonel is more convincing. In addi- 

tion, a review of death certificates by Andersson et al. (1984) 

disclosed a case of renal cancer, which the authors believed was due to 

30 years of cadmium exposure. Staff members of DHS conclude that the 

evidence is insufficient to infer causation, but is suggestive of an 

association between cadmium exposure and renal cancer. - 

The case for an association with prostatic cancer remains inconclusive. 

Table VII-6 summarizes the epidemiologic evidence for such an 

association. Lemen et al. (1976) found an excess of prostate cancer 

deaths among 292 workers employed for greater than two years in a job 



with potential cadmium exposure. The excess was significant if the 

analysis assumed a 20-year latency period. However, a follow-up study 

of this cohort by Thun et al. (1985) uncovered no new deaths due to 

prostatic cancer. The authors suggested that given the generally 

nonfatal nature of the disease, mortality studies frequently may not be 

sensitive enough to detect a potentially real association with in- 

cidence of prostate cancer. Sorahan and Waterhouse (1983, 1985) 

followed up a 1967 report by Kipling and Waterhouse which had found a 

highly significant excess incidence of prostatic cancer. Both the 

incidence report (Sorahan & Waterhouse, 1985) and the mortality study 

(Sorahan & Waterhouse, 1983) found no significantly elevated risk if 

the original four index cases were excluded. However, inclusion of 

these cases in the' analysis yielded a highly significant association. 

For mortality, using cumulative years of high exposure to cadmium, the 

p-value was less than .05 when controlling for sex, year of study, 

employment, age at starting employment, and duration of employment. 

For morbidity, using more than one year of high exposure, p<0.001 (1.99 

expected, 8 observed, p-value not given by authors but calculated by 

DHS staff based on a Poisson distribution). Tumor incidence was deter- 

mined using the Birmingham Regional Cancer Registry. The authors do 

not provide information on completeness of ascertainment by this 

registry. 

The SMR study by Andersson et al. (1984) and the matched case-control 

study by Ross et al. (1983) both failed to reject the null hypothesis 

of no effect on risk of prostate cancer. However, the SMR was con- 

sidered "possibly" increased and the lack of statistical 



Table VII-6 

Association Between Cadmium Exposure 
and Prostate Cancer Deaths 

Magnitude of Significant 
Authors Association . at p<. 05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sorahan & Waterhouse 1983 SMR-121 excluding 4 index cases N~ 

Armstrong & Kazantzis 1983 SMR-99 for entire cohort N 

Andersson et al. 1984 SMR-129 for entire cohort N 
-188 for those with >15 
years exposure 

Inskip et al. 1982 SMR-121 N 

Lemen et al. 1976 

Ross et al. 1983 

Thun tt a1. 1981 

Varner 1984 

SMR-348 for all workers N 
4 5 2  for those with >20 Y 
years followup 

SMR-213 for those with >20 N 
years followup and 
>2 years exposure 

a 
'Y if 4 index cases are included 



significance could have been due to deficiencies in the measure of 

exposure. Similarly in the study by Ross et al., the odds ratio (OR) 

for cadmium exposure among prostatic cancer cases as compared to con- 

trols was 2. The smallest OR which would have an 80% chance of being 

detected as statistically significant in a study this size is 4, thus 

the lack of significance should be interpreted cautiously. 

Calculations of the statistical power for detecting relative risks of 

1.25, 1.5 and 2.0 for "negative" studies of prostate (and respiratory) 

cancer mortality are shown in Table VII-7. It is clear that, in 

general, the power of these studies was not sufficient to detect the 

small relative risks for prostate cancer deaths expected from cadmium 

exposure. 

The evidence appears to be inconclusive regarding the effect of cadmium 

exposure on prostatic cancer. Given the highly significant early 

reports, it may be that cadmium acts as a promoting agent, inducing 

earlier tumors in those already susceptible. This effect may have been 

reduced markedly in recent years due to the lowering of exposure 

levels, sometimes by an order of magnitude or more (Thun et al. 1985, 

Andersson et al. 1984, Sorahan and Waterhouse 1985). w hug, those with . 

earlier exposure may have been at highest risk, and the cohorts most 

recently studied, being heterogeneous with respect to their exposures, 

show only nonsignificant increases in prostate cancer incidence, e.g., 

a doubling or less, and no increase in mortality. 



Table VII-7 

Power to Detect an Elevated S M R  at a - 0.05 

1. Prostate Cancer 

Thun et al. 1985 

Andersson et al. 1984 

Sorahan & Waterhouse 1983 

Inskip et al. 1982 

If true SMR is: 

u 150 ,200 

2. Resuiratorv Cancer 

Andersson et al. 1984 0.10 0.22 0.54 



Because the human studies repeatedly find some elevation in risk, 

albeit a nonsignificant one, the staff of DHS does not believe that the 

is evidence is conclusive to reject an effect of cadmium on prostate 

cancer. 

The PMR analysis by Varner (1983) showed the proportion of bladder 

cancer deaths to be in excess of what would be expected in the standard 

US population. The occupational SMR study by Andersson et al. (1984) 

showed a nonsignificantly elevated risk of bladder cancer deaths. The 

data are too scant to be conclusive regarding the effect of cadmium 

exposure on bladder cancer. 

Res~iratorv Cancer: Overview 

Table VII-8 summarizes the epidemiologic evidence relating respiratory 

cancer SMR's to cadmium exposure. A significantly increased risk of 

respiratory cancer deaths was seen by Lemen et al. (1976), Thun et al. 

(1985), Sorahan and Waterhouse (1983), Varner (1983), and Armstrong and 

Kazantzis (1983), but not by Inskip et al. (1982) nor by Andersson et 

al. (1984). However, the assessment of exposure in the two towns 

investigated by Inskip et al. relied only on 1979 soil samples for 

exposure from 1939 to 1979. Even with a questionable exposure assess- 

ment, males in the exposed town had a lung cancer SMR which, while not 

statistically significant, was nearly double that of males in the 

unexposed town (101 vs 55). The other negative study (Andersson et 



Table VII-8 

Association Between Cadmium Exposure 
and Respiratory Cancer Mortality 

Significant 
Authors SMR at p<.05 ------.--------------------------------------------------------------------- 
Sorahan & Waterhouse 1983 127 

Lemen et al. 1976 235 

Thun et al. 1985 229 

Armstrong & Kazantzis 1983 1 2 6 ~  Y 

Inskip et al. 1982 10lb N 

Andersson et al. 1984 120 N 

- - - - - - * - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

a For workers with >10 years exposure in the "always lown category (the 
number of workers with "ever medium" and "ever high" exposures was 
small). 

b vs. SMR-55 for the unexposed town. 



al.) had low statistical power to detect a SMR of less than 200 (see 

Table VII-7). In other studies, the range of SMR's for respiratory 

cancer was 120-230 (see Table VII-8). The staff of DHS concluded 

thatthe two negative studies for respiratory cancer are not convincing 

evidence of no effect, due to low statistical power in one study and 

poor exposure data in the other. 

The study by Thun et al. (1985) showed a positive dose-response 

relationship where dose was expressed as cumulative mg-days/m3. Varner 

(1983) reported the lung cancer PMR (proportional mortality ratio) to 

be elevated (see Table VII-5 for description of how this cohort differs 

from that of Thun et a .  Sorahan and Waterhouse (1983). in two 

separate analyses, found an elevated risk of respiratory cancer. The 

first analysis was based on the SMR and included all potentially ex- 

posed workers. The second analysis used the regression method of life 

tables (RMLT) and assessed exposure by cumulative years employed in a 

(1) high exposure job or (2) high or moderate exposure job or (3) high 

or moderate exposure job excluding welding. Measures (2) and (3) 

resulted in a significant effect of exposure on respiratory cancer, 

particularly for those with more than 30 years of follow-up. 

In epidemiologic studies, .the potential for confounding due to ex- 

traneous risk factors requires attention. If a cadmium-exposed cohort 

smoked excessively, or experienced exposures to other carcinogens, such 

as nickel or arsenic, then the apparent association between cadmium and 

respiratory cancer,'for instance, could be at least partially explained 

by these factors. 



Heavier smoking among cadmium workers as compared to the general 

population could account for the small but statistically significant 

SMR for lung cancer (126) observed by Armstrong and Kazantzis for those 

exposed >10 years at the "always low" catagory. No smoking histories 

were available. Sorahan and Waterhouse also lacked data on smoking, 

but they argue that smoking was unlikely to have been a confounder for 

two reasons. First, their analysis showed an increasing association 

with duration of employment, while smoking habits are unlikely to be 

well-correlated with duration of employment. Secondly, deaths from 

other diseases of the respiratory system were not elevated, as they 

would have been if the cohort had included a disproportionate number of 

smokers. However, the effect of nickel hydroxide could not be disen- 

tangled from that of cadmium oxide in this cohort. 

The strongest evidence for cadmium-induced carcinogenicity in humans is 

the study conducted by Thun et al. The characteristics of this study 

which make it particularly convincing are the quality of the exposure 

data and the analysis of potential confounding. Since the quantitative 

results of this study constituted the basis for the DHS risk assessment 

of cadmium, a full description of this study is presented below. 

While some of the observed association between lung cancer and cadmium 

may be explained by confounding factors, the consistency of results for 

several cohorts and several types of analyses, the dose-response pat- 

tern seen in the one study with quantitative exposure data, the finding 

in some studies that other smoking-related causes of death were not 



elevated, and the magnitude of effect observed, suggest that confound- 

ing cannot explain all of the association. 

The evidence from epidemiology strongly supports the hypothesis that 

cadmium exposure is associated with an increased risk of respiratory 

cancer. Since this site has also been implicated in animal bioassays 

of carcinogenicity, DHS staff members concluded that there is a high 

probability that the observed association is not spurious and that an 

inference of causality is justified. 

Res~iratorv Cancer : Studv bv Thun et al, 

Thun et al. conducted a follow-up of the report by Lemen et al. (1976), 

who had found an increase in mortality from respiratory and prostate 

cancer and from nonmalignant lung disease in a cohort of cadmium smel- 

ter workers. Thun et al. elipanded the cohort and extended the follow- 

up period. The final cohort included those hired after 1925 and 

employed 6 months or longer in production areas of the plant during the 

period 1940-1969. The cause-specific death rates were adjusted by the 

indirect method to yield standardized mortality ratios (SMRs) and by 

the direct method to yield standardized rate ratios (SRRs). The SMR 

for lung cancer in the overall cohort was 147, while for those with 2 

or more years of employment it was 229, with a 95% confidence interval 

of (131,371). 



Exposure data that had been collected since the 1940's allowed evalua- 

tion of the lung cancer SMR by dose. Industrial hygiene measurements 

for departments and job sites with potential cadmium exposure were 

available (Smith et al. 1980). These were combined with individual 

work histories for each member of the cohort in order to assign an 

exposure ievel to each work day. Interruptions of employment were 

taken into account and exposure levels were adjusted to reflect 

respirator usage in departments where these were worn. A cumulative 

3 exposure in mg-yearslm was then assigned to each person-year of 

follow-up for each worker. The range of cumulative exposures was 

divided into three categories, and both SMRs and SRRs were calculated 

for each category. The results are shown in Table VII-9 using US 

white males as the comparison population, and in Table VII-10 using 

0 
Colorado white males as the comparison population. (Thun presented the 

analysis using Colorado white males as the control group at the Fifth 

International Cadmium Conference February 1986, in San Francisco. This 

analysis assumes that pre-1950 lung cancer rates equaled those in 1950, 

since cause-specific rates were not tabulated in that state before 

1950. ) 

The data indicate a clear dose-response relationship between cumulative 

cadmium exposure and the risk of death due to lung cancer. Using the 

US population as the comparison group, both the SMR and the SRR rise 

from about 1/2 the expected at "low" cumulative exposure to about 3 

times the expected at high cumulative exposure. Both of these measures 

of risk are larger when the Colorado population is used as a standard, 

with the SRR rising from 0.7 to over 5.0. 

-75- 



The strength of evidence of causality provided by any single study 

depends on the degree to which one can rule out alternative explana- 

tions of the observed effect. Alternative explanations fall into 3 

categories. (1) chance, (2) bias, (3) confounding. The study by Thun 

et al. is examined below in this context. 

Chance 

Thun et al. calculated the standardized rate ratio (SRR) for each of 3 

exposure groups. (The person-years at risk, rather than individual 

workers, were classified by cumulative exposure to that point in time.) 

The SRR is suitable for subgroup comparisons, but not for external 

- 7 
comparisons. A regression of the SRRs yielded a slope of 7.33 x 10 , 

which differed from zero with a probability of .0001. In other words, 

the probability that the increase in lung cancer risk associated with e 
increasing exposure to cadmium was due to chance was about one in ten 

thousand. 

Bias - 

Selection criteria described by Thun et al. appear to have been 

unbiased: all retired, deceased, and active employees who had worked a 
* 

minimum of 6 months in production areas of the plant were included in 

the cohort. In calculating cumulative exposure, dates of interruption 

of employment were accounted for. Since more than 80% of the wrkers 

were followed for 20 or more years it is likely that the follow-up was 

sufficient for many latent cadmium-induced cancers to become manifest 



and lead to death. Trained nosologists evhluated the death 

certificates. As indicated by Thun et al., one lung cancer death was 

originally miscoded as being due to another cause. Removal of this 

death from the lung cancer deaths (i.e. restoring it to the original, 

but incorrect coding) is necessary in order that the comparison with 

general population rates be unbiased (since miscodings also occur in 

the general population). However, the findings are not altered in any 

substantial way by this reclassification. 

Exposure categories were chosen prior to the analysis. The cumulative 

exposure for all person-years was miscalculated by Thun et al. because 

they included non-workdays. This does not cause bias for purposes of 

inference since the misclassification was equivalent for all exposure 

categories. It would, however, alter the dose-response relationship, 

0 and therefore DHS staff adjusted for this error in conducting our risk 

assessment, since an overestimate of exposure would result in an under- 

estimation of potency. The corrected exposures are shown in Tables 

VII-9 and VII-10. (See also Table IX-3.) 

Confounding 

If the cadmium-exposed workers included a disproportionate number of 

individuals with exposures to other agents responsible for lung cancer, 

then the observed association might be spurious. The potential con- 

founders with regard to lung cancer mortality in this cohort were 

smoking and arsenic exposure. 



(a) Smoking: 

Indirect evidence that smoking was not a confounder in this cohort is 

provided by the cardiovascular death rate in this cohort, which was 35% 

lower than expected based on U.S.,white male death rates. If this 

cohort included a higher proportion of total smokers or heavy smokers 

as compared to the general population of white males in the same age 

categories, then one would expect an increase (or at least not a 

deficit) in the cardiovascular death rate as well. 

Data on the smoking habits of these workers were provided to Thun et 

al. by the company. The data came from company medical records and 

from a questionnaire survey mailed to surviving workers or the next-of- 

kin in 1982. The results of this survey have elicited differing 

interpretations depending on the choice of measure of smoking and on 

the choice of the comparison group. The 1985 paper by Thun et al. 

reported data on 70% of the workers. For these workers, the data 

indicated that as of 1982, 77.5% were current or former smokers com- 

pared to 72.9% current or former smokers among U.S. white males 20 

years or older reported in the 1965 Health Interview Survey (HIS) 

conducted by the National Center for Health Statistics. It is clear 

that these 2 figures are not comparable since data from 1982 for the 

exposed group were compared with data from 1965 for the control group. 

In the updated report by Thun et al. (1986), presented at the Fifth 

International Cadmium Conference in San Francisco, February 6, 1986, 

the authors provide a more meaningful comparison by limiting the 



Table VII-9* 

LUNG CANCER (ICD 162-163) MORTALITY BY CUMULATIVE EXPOSURE 
WHITE HALE CADMIUM WORKERS HIRED ON OR AFTER 1/1/26 

COMPARED TO U.S. DEATH RATES 

EXPOSURE PERSON 
(cumulative mg/mS) YEARS 
RANGE - MEDIAN ixuLG% DEATHS - SRR 

U . S .  WHITE MALES 100 1.00 

* Adapted from Thun et al. 1986, Table 7. 
t Numbers in parentheses exclude one lung cancer death which was originally 

miscoded as being due to another cause. 



Table VII-lo* 

LUNG CANCER (ICD 162-163) MORTALITY BY CUMULATIVE EXPOSURE 
WHITE MALE CADMIUM WORKERS HIRED ON OR AFTER 1/1/26 

COMPARED TO COLORADO DEATH RATES, 1950-79 

Cumulative 
Exposure 
(me-davs/m31 

PERSON 
YEARS 
t luu!i - SRR 

COLORADO WHITE MALES 100 1.00 

* Adapted from Thun et al. 1986, Table 8. 
t Numbers in parentheses exclude one lung cancer death which was originally 

miscoded as being due to another cause. 



Average age 

% ever smoked 

Table VII-11 

SMOKING HABITS OF 
CADMIUM-EXPOSED COHORT 

1982 Survey 1970 HIS Samulel 
Cadmium-Exposed Total Operators & Craftsmen & 

Cohort Kinded Foremen 

3 
% smoked a pack or more a 10.8* 
day (includes current and 
former smokers) 

Average length of smoking - - 
% with > 20 cumulative 532 

pack years 

* This represented 25 or more cigarettes per day rather than 20 or more. 

1 Health Interview Survey, conducted by National Center for Health Statistics, 
reported in Sterling and Weinkam 1976. 

2 Varner 1983, based on 35% of workers. 

3 Thun et al. 1986, based on 49% of workers. 



smoking analysis to the 49% of the cohort for whom lifetime smoking 

histories were available. These data indicated that as of 1965 a 

larger percentage of the cadmium-exposed cohort were nonsmokers and a 

smaller percentage were heavy smokers compared to general population 

rates available from the HIS. The year 1965 was chosen since this was 

the midpoint of the study. 

A different view of these data was presented by Varner (1984) who 

examined cumulative pack-years smoked by members of the cohort. He 

sugested that this cohort had far more heavy smokers than blue collar 

workers reported in the 1970 HIS, and that "smoking prevalence tends to 

be highest among blue collar workers." However, in the HIS survey the 

average age of the white males was 39 (operatives and kindred), 42 

(craftsmen and foremen) and 44 (total sample). In the cadmium-exposed 

cohort the average age was no less than 53, and was estimated as 61.5. 

It is therefore surprising how similar some of the smoking characteris- 

tics of these populations are (see Table VII-11). 

The percent who "ever smoked" was 77.5% in the cadmium-exposed cohort, 

and 76% in the total HIS sample. The data on the cadmium workers 

represented information from ohy 36% of the cohort. Given that the 

cohort under study was considerably older than the HIS sample, that the 

HIS survey was done about 10 years earlier than the survey of the 

cadmium cohort, and that different information was reported from these 

two surveys, the differences between the smoking habits of the total 



HIS sample and those of the cadmium-exposed workers do not appear to be 

e very large. 

The magnitude of confounding from differential smoking habits can be 

assessed. A method to estimate the contribution of smoking to lung 

cancer mortality in the cohort is described by Axelson (1978). The 

method is applied to the lifetime smoking histories summarized by Thun 

et al. The calculations (summarized in Table VII-12) are based on 

information regarding smoking habits in the exposed group, smoking 

habits in the comparison group, and the relative risk for lung cancer 

at each level of smoking. In view of the data indicating a deficit of 

smokers in this cohort compared to the general population, the baseline 

SMR for lung cancer would have been reduced 30%. 

It is unknown, however, whether the smoking histories of the 49% sample 

were representative of the cohort as a whole, and whether the histories 

themselves were biased, since they were collected retrospectively. 

While smoking may have confounded the relationship between cadmium and 

lung cancer, it is unlikely that smoking was responsible for all of the 

excess. Furthermore, if the smoking habits in this cohort were cor- 

rectly reported, e .  if the observed deficit of smokers was real, 

then the excess of lung cancer deaths is larger than originally 



Table VII-12* 

TECHNIQUE USED TO ADJUST FOR CIGARETTE SMOKING 

Percent of Pouulation. 1965 

1 2 
Moderate Heavy Rate Ratio of Overall Rate Ratio 

Nonsmokers Smokers Smokers Population Relative Relative 
3 

(lx) (lox) (20~) To Nonsmokers To U.S. 

POPULATION 

4 
Exposed 48.4% 40.8% 10.8% 6.724 0.70 
U.S. 27.1% 53.0% 2 0% 9.571 1.00 

* Thun et al., 1986 
1 

1-24 Cigarettes/day 
2 

25+ Cigarettes/day 

3 
.The numbers in parentheses refer to the relative risk for lung cancer 
associated with each level of smoking. 

4 
Usable information available on 250 persons hired after 1926. 



calculated. In other words, confounding due to smoking did not create 

the appearance of a nonexistent carcinogenic effect from cadmium; 

rather, the confounding reduced the apparent magnitude of cadmium's 

carcinogenicity. 

(b) Arsenic 

The plant employing the workers in this cohort refined cadmium metals 

and compounds from 1926 onwards. Between 1918 and 1925 it had func- 

tioned as an arsenic smelter. Therefore, the analysis by Thun et al. 

excluded workers employed prior to January 1, 1926. (For those 

employed prior to 1926 the lung cancer SMR was 714). Nevertheless it 

is possible that residues of arsenic contributed to the lung cancer 

excess for those first employed in 1926 or later. 

- 
To estimate the possible contribution of arsenic to lung cancer in this 

cohort, Thun et al.: 

(1) identified the departments and job categories which were likely to 

have involved continued exposure to arsenic; 

(2) calculated the proportion of .person-years spent in areas with 

probable arse.nic exposure based on personnel records (20%); 

(3) evaluated industrial hygiene measurements to estimate air con- * centrations (range - 300 to 700 pg/m3, Thun used midpoint - 500 pg/m3); 



(4) estimated the total years of employment for workers in the cohort 

(1728 years); 

(5) .based on (2),(3), and (4), estimated that total arsenic exposure 

amounted to 345.6 person-years of exposure to air levels of 500 pg/mS; 

(6) assumed a 75% respirator protection factor (i.e. inhaled exposures 

3 
were 25% of air concentrations or 125 pg/m ) .  This yielded a total 

exposure of 43,200 pg-years/ms. 

Using a risk assessment model developed by OSHA for arsenic car- 

cinogenicity, Thun calculated that 43,200 pg/ms years of exposure to 

arsenic would contribute no more than ,768 lung cancer deaths 

This may represent an overestimate of the contribution of the arsenic 

exposure to the lung cancer excess. The reasons submitted by Thun are 

as follows: 

1) Only a fraction of jobs in the "arsenic areas" 
had exposures as high as the furnace area (500 
pg/m3 ) 

2) The high exposure jobs were frequently staffed 
with brief employment-entry (sic) level workers 
who are not in the study cohort 

3) Urinary arsenic levels on workers in the "high 
arsenic" areas from 1960-80 averaged only 46 pg/l 
(equaling an inhaled arsenic of 14 pg/m3) 

4) Thus, assuming an average inhaled arsenic con- 
centration of 125 pg/ms for these years 
overestimates the dose by.9 fold 

5) ASARCO has previously argued that the OSHA risk 
assessment overestimates "by a factor of three or 
more" the expected increase in mortality from 
respiratory cancer. 

(Thun, personal communication) 



On the other side of this argument, the estimates of dose may not be 

reliable. The presumed relationship between urinary arsenic and in- 

haled arsenic may be incorrect, and is currently being reanalyzed 

(personal communication, Dr. Philip Enterline). Urinary measurements 

before 1960 were not available? and the earlier exposures would be 

expected to be greater. Furthermore, the figure of 125 pg/m3 could be 

an underestimate since the respirator protection factor is based on a 

1976 survey which compared air samples and personal samples. It is 

well known that earlier respirators were less effective, and in many 

cases compliance in earlier years was lower. 

It is unclear, therefore, what the contribution of arsenic may have 

been to the overall excess of lung cancer deaths in the cadmium-exposed 

cohort studied by Thun et al. If the OSHA risk assessment model is 

correct, then under the assumption of protection from respirators, 

the maximum number of excess lung cancer deaths attributable to arsenic 

would be 3.07 for the whole cohort. The excess attributable to arsenic 

is compared to the observed excess lung cancer deaths in Table VII-13 

(unadjusted for smoking) and in Table VII-14 (adjusted for smoking). 

The adjustment for smoking is based on the analysis of smoking his- 

tories and assumes that smoking is independent of arsenic exposure 

within the plant, and that there is no interaction between these two 

exposures. The actual excess was 5.13 (unadjusted for smoking) or 8.39 

(adjusted for smoking) if the whole cohort is considered; the excess 

was 9.00 (unadjusted for smoking) or 11.10 (adjusted for smoking) if 

only those with 2 or more years of exposure are included. 



The last issue with respect to confounding concerns the combined ef- 

fects of arsenic and smoking on lung cancer, which are more than 

additive, though probably less than multiplicative. Therefore, if any 

of the workers who were exposed to arsenic were smokers, there could 

also be confounding from the interactive effect of these two exposures. 

However, when relative risks are small (e.g., less than 1.3), there is 

very little difference between additive and multiplicative effects. 

Since it is unlikely that in this cohort the relative risk associated 

with either arsenic or smoking is larger than 1.3, the effect of any 

interaction is likely to be negligible. (If both relative risks are 

1.3, multiplying yields 1.69, adding yields 1.6, difference - .09.) 

In conclusion, given the low level of arsenic exposure and the evidence 

indicating a deficit of smokers in this cohort, DBS staff believes that 

the apparent association between cadmium exposure and lung cancer is 

not likely to be explained by confounding from smoking and/or arsenic 

expokure. 

Finally, to summarize the DHS staff's findings with regard to the study 

by Thun et al.: the SMR of 2.3 in those with more than 2 years of 

cadmium exposure and the dose-response relationship are unlikely to be 

explained by chance, by bias, or by confounding from smoking and/or 

arsenic exposure. The staff of DHS concludes that thd excess of lung 



Table VII-13 

Observed 

16 

THE POSSIBLE CONTRIBUTION OF ARSENIC TO 
THE EXCESS IN LUNG CANCER DEATHS 

1 
Expected 

10.87 

7.00 

Excess 

5.13, 

Number 
Attributable 

To Arsenic 

1 
Based on age- and calendar-year-specific lung cancer death rates for 

- white males in the U.S. The first line refers to the whole cohort. The 
second line refers to workers with a minimum of two years employment 

" @ (Thun et al. 1985). 
2 

Not calculated but is certainly less than for the whole cohort. 



Table VII-14 

Observed 

16 

THE POSSIBLE CONTRIBUTION OF ARSENIC TO 
THE EXCESS IN LUNG CANCER DEATHS 
AFTER ADJUSTMENT FOR SMOKING' 

2 
Expected 

7.61 

Excess 

8 . 3 9  

1 
Assumes underlying SKR of .70 as shown in table VII-11, and no 
interaction. 

Number 
Attributable 

To Arsenic 

2 
Based on age- and calendar-year-specific lung cancer death rates for 
white males in the U.S. The first line refers to the whole cohort. The 
second line refers to workers with a minimum of two years employment 
(Thun et al. 1985). 

3 
Not calculated but is certainly less than for the whole cohort. 



cancer deaths in the study by Thun et al. is best explained by exposure 

to high levels of cadmium. The DHS staff further concludes that while 

other confirmatory studies are desirable this study constitutes strong 

evidence of human carcinogenicity. 

3. Mechanism 

The biochemical mechanism(s) behind cadmium-induced mutagenic and 

carcinogenic effects is (are) not known. A number of possible 

mechanisms were discussed by Sunderman (1984). There is evidence that 

cadmium may act as an indirect mutagen or carcinogen but there are also 

substantial data indicating cadmium can directly interact with DNA and 

can therefore be a direct acting mutagen or carcinogen. 

Cadmium can inhibit the activity of several individual enzyme ac- 

tivities and enzyme systems in viva and in vitro. These include 

mitochondria1 oxidative phosphorylation (Kamata et al. 1976), fidelity 

of DNA synthesis (Sirover and Loeb 1976), RNA synthesis (Stoll et al. 

1974), protein synthesis (Norton and Kench 1977), and hepatic mixed 

function oxidase enzyme activities (Teare et al. 1977; Furst and 

Mogannam 1975). The effect on some enzyme activities may be the result 

of displacement by cadmium of the metal ion, such as zinc, in a met- 

alloenzymes. If cadmium inhibits or alters enzyme activities involved 

in DNA replication or repair, somatic mutations may result. Cadmium 



may also act as a cocarcinogen by altering the metabolism of a procar- 

cinogen (Jennette 1981). 

Cadmium has also been found to directly bind to isolated DNA at 

specific high affinity sites (Waalkes and Poirier 1984) and to cause 

mispairing in complexes formed between synthetic polynucleotides 

(Murray and Flessel 1976). Other metals, such as zinc, magnesium, and 

calcium, can antagonize the binding of cadmium to isolated DNA, but 

cadmium was found to have the highest affinity for the binding sites 

(Waalkes and Poirer 1984). In an in vivo study (Hidalgo and Bryan 

1977) ,  labeled cadmium was found to localize in the nucleus of liver 

cells. It was found to be concentrated more in nonhistone than histone 

proteins. 

The direct interaction of cadmium with DNA and the number of positive 

mutagenic and clastogenic studies suggest that cadmium may have a 

direct effect on DNA. The interaction between cadmium and other metals 

found by Waalkes and Poirer (1984) may explain the inhibitory effect of 

these metals on cadmium-induced carcinogenicity. 

4. Conclusion 

The staff of the Department of Health Services (DHS) agrees with the 

International Agency for Research on Cancer (IARC) and the 

Environmental Protection Agency (EPA) that there is sufficient evidence 

to conclude that cadmium is an animal carcinogen. The DHS staff's a 



conclusion is based in part on the findings of distant site tumors, 

interstitial cell tumors of the testis, following subcutaneous ad- 

ministration of cadmium salts to two species, rats and mice (Gunn et 

a1. 1983, 1964; Levy et al. 1973). EPA (1985) presents a good review 

of literature supporting the use of distant site tumors as evidence for 

the carcinogenic potential of a compound following subcutaneous 

injection. Although injection site tumors have also occurred, these 

are not considered sufficient evidence of a compound's carcinogenic 

potential. IARC (1982) also used the evidence of distant site tumors 

as the basis for their conclusion. Additional supporting evidence, not 

available at the time of the IARC decision, includes the studies of 

Poirier et al. (1983) and Takenaka et al. (1983). Poirier et al. 

(1983) found a significant increase in distant site tumors of the 

pancreas and the testis in rats given subcutaneous injections of cad- 

0 mium chloride. Takenaka et al. (1983) observed a significant increase 

in lung tumors in rats exposed to a cadmium chloride aerosol. Both of 

these findings were also used as a basis for the DHS staff's 

conclusion. 

The IARC last evaluated cadmium for carcinogenicity before the results 

of the study by Thun et al. were available. The EPA most recently 

evaluated cadmium in 1985 and concluded "there is limited epidemiologic 

evidence that inhaled cadmium is,dose-related to lung cancer in exposed 

workers" (EPA 1985). The DHS staff considers all animal carcinogens to 

be potential human carcinogens. The DHS staff finds that the 

epidemiologic evidence supports an inference of a causal association 

between cadmium and respiratory cancer for the following reasons: (1) 



the negative studies (Inskip et al. 1982, Anderson et al. 1984) had low 

statistical power and/or poor exposure data, (2) positive findings were 

present in several studies utilizing different cohorts and different 

types of analyses (Thun et a1. 1985, Sorahan and Waterhouse 1983, 

Armstrong and Kazantzis 1983). (3) some of these studies found that 

other smoking-related causes of death were not elevated (Sorahan and 

Waterhouse 1983, Thun et al. 1985), (4) the single study with detailed 

quantitative exposure data showed a highly significant dose-response 

(Thun et al. 1985), (5) there were no sources of bias which could 

explain this finding, and (6) the same study, in examining confounding, 

found a potential deficit of smokers among the exposed workers, and 

estimated only a small contribution from arsenic, indicating that the 

positive finding was unlikely to be ~xplained by these confounders. 

The DHS staff concludes that while more confirmatory studies would be 

desirable before judging the sufficiency of the evidence, there is a 

high probability that cadmium is carcinogenic in humans. 



VIII. Threshold Discussion 

a 
The noncarcinogenic effects of cadmium are believed to occur through 

mechanisms that have threshold exposure levels at and below which no effect 

will occur. The carcinogenic activity of cadmium may occur through a 

mechanism for which no threshold exposure level exists. Such a mechanism 

would probably involve direct interaction of cadmium with nuclear DNA. 

Biochemical studies have shown that there are high affinity binding sites 

for cadmium on isolated DNA and that cadmium can cause mispairing of syn- 

thetic polynucleotides (Walker and Poirier 1984; Murray and Flessel 1976). 

As described further in Section VII.J.l, there is suggestive but incon- 

clusive evidence that cadmium is genotoxic. 

There are mechanisms proposed by which compounds may induce a carcinogenic 

response without a direct effect on nuclear DNA. These mechanisms may have 

threshold exposure levels associated with them. Cadmium may also act by 

reducing the fidelity of DNA synthesis (Sirover and Loeb 1976). Cadmium may 

act as a cocarcinogen by altering the metabolism of a procarcinogen ' 

(Jennette 1981). Tissue injury, such as that observed in the testes, may 

also act as an indirect mechanism. However, these mechanisms are 

speculative: there is no compelling evidence that they are actually respon- 

sible for the observed carcinogenic response of cadmium. 

In light of the above considerations, particularly the absence of compelling 

evidence of a threshold mediated mechanism, DHS staff concludes that cad- 

mium's carcinogenicity should be treated as a nonthreshold phenomenon. 



IX. Risk Assessment 

Both carcinogenic and noncarcinogenic effects have been identified in 

the spectrum of cadmium-induced toxicity. Since there is a qualitative 

difference in how these processes occur, the hazards posed by these 

effects must be quantified in different ways. However, once the quan- 

titative risks are determined, a judgement about the greatest potential 

hazard posed by a compound can usually be made. Below, the noncar- 

cinogenic hazard posed by cadmium will first be quantified followed by 

a quantification of the carcinogenic hazard. 

Cadmium has been found to induce a number of noncarcinogenic toxic 

effects in experimental animals and humans. These effects include 

hypertension, endocrine changes, hepatotoxicity, osteomalacia and 

osteoporosis, anemia, immunosuppression, emphysema and pulmonary func- 

tion changes, renal toxicity, fetotoxicity, and teratogenicity. 

Several of the effects have occurred in experimental animals at low 

exposure levels. Hypertension occurred in rats given drinking water 

containing as little as 0.1 ppm of cadmium over an 18-month period 

(Perry ei al. 1977). This is an approximate intake of 5 pg/kg-day. 

Sporn et al. (1970) reported finding changes in liver enzyme activity 

in rats given drinking water containing 1 ppm (a dose of approximately 

50 pg/kg-day). Effects suggesting immunosuppression occurred in mice 

receiving drinking water containing 3 ppm (a daily dose of ap- 

proximately 500 pg/kg-day)(Koller et al. 1975, Exon et al. 1974). 



Respiratory effects have been observed in experimental animals and 

humans at airborne concentrations of around 20 pg/ms but not at levels 

below 15 pg/m3; these are equivalent to daily doses of approximately 

6.0 and 4.5 pg/kg-day, respectively. Although these various effects 

have been reported to occur at relatively low levels of exposure, 

several authors and organizations have considered renal toxicity to be 

the most sensitive noncarcinogenic effect (Friberg et al. 1974, WHO 

1977, and EPA 1981). Because the strongest and most abundant 

epidemiological evidence exists for this site, the staff of DHS has 

used renal toxicity as the basis for quantitative noncarcinogenic 

hazard assessments performed on cadmium. 

As discussed in Section VII.H, Friberg et al. (1974) estimated that a 

retention rate of between 6.6 and 24.6 pg/day of cadmium would be 

necessary for the renal cortex concentration to reach 200 pg/g wet 

weight over a 50-year period (see Table VII-1). ~jellstrhm et al. 

(1984) estimated that about 10 percent of a human population would show 

signs of renal toxicity at that concentration in the renal cortex. To 

achieve such a rate of cadmium retention from inhalation alone, Friberg 

et al. (1974) estimated that the ambient airborne concentration needed 

to be from 0.65 to 2.5 pg/ms, assuming a 50 percent absorption of 

inhaled cadmium. The most likely concentration was estimated to be 1.5 

pg/m3, based on the assumption of a 19-year biological half-life for 

cadmium (see Section V.D). 

The renal cortex concentration of 200 pg/g wet weight tissue is not a 

threshold concentration but, at best, one that would produce an effect 



in only 10 percent of a population. No threshold level has actually 

been determined, although renal toxicity is believed to have a 

threshold renal cortex concentration at which no toxicity will occur. 

An ambient air concentration of 1 ng/ms (0.001 pg/m3) of cadmium is 650 

to 2500 times less than the ambient air concentrations (0.65 to 2.5 

pg/m3), estimated by Friberg et al. (1974), that will lead to a renal 

cortex concentration of 200 pg/g wet weight following lifetime 

exposure. Although no threshold concentration for renal toxicity has 

been determined, staff members of DHS believe that the magnitude of the 

difference between exposure to lifetime ambient air cadmium concentra- 

tions at 1 ng/ms and at those concentrations that will induce renal 

toxicity in 10 percent of the population is sufficiently large so that 

there is little, if any, risk of renal toxicity from exposure to 1 

ng/ms of cadmium. Exposure to an ambient air concentration of 10 ng/m3 

may pose a risk if the most conservative assumptions by Friberg et al. 

(1974) are correct. If the most likely assumption by Friberg et al. is 

correct, then exposure to an ambient air concentration of 10 ng/m3 

probably does not pose a risk of renal toxicity. 

Both experimental animal studies and epidemiological studies of worker 

population have indicated cadmium is carcinogenic. Quantitative as- 

sessments have been performed on both of these types of studies in 

order to obtain a range of risks. The quantitative risk assessment 

using the animal studies is discussed first, followed by a presentation 



of the quantitative risk assessment based on the human epidemiological 

e study . 

1. Quantitative Cancer Risk Assessment Based on Animal Data 

The animal study chosen as the basis for a quantitative risk assessment 

was that reported by Tskenaka et al. (1983, see Appendix A). This is 

the only adequate long-term inhalation study and, as such, is the most 

relevant study to assess the carcinogenic potential of cadmium as an 

air pollutant. Several ingestion studies have been performed, but none 

showed a positive response. Injection studies have been positive for 

injection site tumors and tumors at remote sites. However, parenteral 

exposure is not normally considered an appropriate route for quantita- 

tive risk assessment. 

Lung tumors were the only neoplasms found to be significantly increased 

in the study reported by Takenaka et al. (1983). The tumor incidences 

and exposure levels used for the low-dose extrapolation are given in 

' Table IX-1. Assumptions used to determine these values are described 

below. 

The tumor incidence data used in this analysis combines the three types 

of malignant lung tumors identified in the animal study. The separate 

incidence rates for each tumor type are given in Table VII-4. These 

tumor types were combined because they were all found in the sametissue 

and were all carcinomas. Two animals had one tumor identified 



Table IX-1 

Exposure Levels and Tumor Incidences 
Used in Low Dose Extrapolation 

Exposure ~ e v e l ~  
in a/mS 

Incidence b 

(No. of animals with Tumors/ 
No. of animals examined) 

a Human equivalent exposure values as cadmium, see text for explanation of 
how these values were determined. 

These included all malignant lung tumors. Lung tumor types identified 
were adenocarcinoma, epidermoid carcinoma, and mucoepidermoid carcinoma. 

C Numbers in parentheses are average measured airborne cadmium concentra- 
tions during rat study. 

Source: Takenaka et al. 1983. a 

as an adenocarcinoma and a second one identified as an 

epidermoidcarcinoma. These animals were only counted once in the 

incidence data. 

The exposure levels used in the low-dose extrapolation calculations 

were human equivalent. lifetime levels based on the animal exposure 

levels. Two assumptlons were used to make these conversions. The . 
first assumption was that the partial lifetime exposure of 18 months 

that the rats received could be made equivalent to a full lifetime 

exposure of 24 months by multiplying the average measured exposure 



level by the ratio of the length of exposure to length of expected 

lifetime: 

18 months/24 months -0.75 

Since che animals were exposed for 23.5 hours per day, no conversion 

factor was used to make exposure equivalent to a 24 hours per day 

exposure expected for the human population in this assessment. 

The second assumption was that the human equivalent ambient exposure 

concentrations could be calculated based on a body surface area scaling 

factor from the experimental exposure levels. However, a number of 

different scaling factors could have been used. Scaling factors take 

into account differences in body weight, surface area, metabolic rate, 

and/or lifetime. The staff of DHS has previously found that none of 

the commonly used scaling factors is empirically most appropriate for 

animal-to-human dose conversion in low-doie cancer risk extrapolation. 

Since several scaling factors appeared to give acceptable results, DHS 

staff members have decided to use surface area because it gives an 

intermediate measure of dose compared to other scaling factors and 

because surface area is related to metabolic rate, which may affect an 

organism's response to a carcinogen. 

To use the surface area scaling factor, experimental exposure levels, 

in pg/mS, are first converted to a daily dose, in pg/kg-day. 

Assumptions used for this conversion were that the rats inhaled 0.144 



m3/day and that 100 percent of the inhaled cadmium chloride aerosol is 

deposited in their lungs. (An absorption factor was not used because 

the tumors occurred at the site of contact and the importance of sys- 

temic absorption is not known for this effect.) Average group body 

weights provided by the authors, at 18 months into the study, were used 

for these conversions. These body weights were 0.425, 0.438, and 0.424 

kg for exposure group levels 13.4, 25.7, and 50.8 pg/m3, respectively. 

The calculation was performed as follows: 

where Ea is the experimental exposure level, which has already been 

transformed to a full lifetime exposure level; Va is the daily volume 

of air inhaled by a rat; Wa is the average group body weight; and Da is 

the daily dose level. 

Conversion of the animal daily dose level Da to a human daily dose 
level based on surface area was done by a method used by EPA (1980b). 

This was accomplished by the following formula: 

where Dh is the human equivalent daily dose and Wh is the assumed 

average human body weight, 60 kg. 



Finally the human equivalent daily dose was converted to a human equiv- 

alent ambient air concentration by assuming an average daily human 

inhalation volume of 18.05 m3/day. 

where Vh is the assumed human daily inhalation volume and Eh is the 

human equivalent exposure level. 

A sample calculation for the experimental animal group exposed to 13.4 

pg cadmium/m3 is given below: 

0 44 mS day 
irdm3 A , 4 2 5  Lg - 3 . 4  pg/kg-day - Da 

Results of Low-Dose Extrapolation . 

Using the multi-stage extrapolation model (See Appendix B), the es- 

timated excess human cancer risk from exposure to cadmium was 



calculated based on lung tumor incidence in rats exposed to cadmium 

chloride aerosol, as reported by Takenaka et al. '1983). 

The computer program, GLOBAL79, for low-dose extrapolation based on the 

multistage model, calculates the extra risk function by maximizing the 

likelihood function of the input data. The maximum likelihood estimate 

(MLE) and the 95% upper confidence limit (UCL) of excess risk can then 

be determined for any exposure level. The 95% UCL for extra risk is 

always linear at low doses, which is conceptually consistent with the 

linear nonthreshold theory of carcinogenesis. The slope of the 95% 

UCL, q*, is taken as a plausible upper bound of carcinogenic potency. 

Because the animal exposure levels for cadmium were converted to human 

equivalent exposure, the 95% UCL, q*, is a measure of excess cancer 

risk for humans. If the lifetime daily exposure is expressed in 

().rg/m3), then q* can be considered as the excess risk associated with 

this exposure. Since q* for humans is a measure of excess lifetime 

cancer risk associated with exposure to'one unit (in pg/ms) cadmium, it 

is termed the unit risk. The 95% UCL of excess risk may be ap- 

proximated for any low level exposure to cadmium by the equation: 

R - unit risk X dose, 
. 

where R is the 95% UCL of excess lifetime cancer risk. The unit risk 

-1 
for cadmium, based on the lung tumor incidence data, is 1.81~10 



Although the staff of DHS believes that the multistage model is the 

appropriate method to estimate low dose risk, other models have been 

used to show the range of risk estimates that can be obtained (See 

Appendix B). For comparison, the maximum likelihood estimate and 95% 

UCL of excess human lifetime cancer risk based on liver tumor incidence 

in male rats are presented in Table IX-2 for each model at two possible 

environmental exposure levels. The environmental ambient levels ex- 

pected in California are believed to range around 0.001 to 0.003 pg/m3 

(1 to 3 ng/m3, see Part A). The 95% UCL dose-response curve for each 

model can be seen in Figure IX-1. Usually, the multi-stage model is 

the most conservative model (finding the highest risk) at low dose 

levels. The probit is generally the least conservative model, followed 

in order by the gamma multi-hit, logit, and Weibull models. In this 

case, the multistage model is the most conservative, as expected, 

followed by the Weibull, gamma multi-hit, logit, and probit models. 



Table IX-2 

Maximum Likelihood Estimates and 95% Upper 
Confidence Limits for Excess Lifetime Cancer Risk 

from Exposures at and loq2 pg/m3 Based on 

Different Low Dose Extrapolation ~ o d e l s ~  

Ambient Air Concentration (ue/m3) 

lo-* 

Model M L E ~  U C L ~  MLE UCL 

Multistage 1113/106 1807/106 111/106 181/108 

Probit < 1/10' < 1/10' < l/lOs < 1/10' 

Logit 13/10' 68/10' < 1/106 1/106 

Weibull 285/10° 1140/106 16/106 79/10' 

Gamma Multi-Hit 42/108 145/106 1/10" 4/10s 

a Based on lung tumor incidence in male rats exposed to cadmium chloride 
aerosol, as reported by Takenaka et al. (1983) 

Maximum Likelihood Estimate, expressed as excess lifetime cancer cases per 
million population. 

C 95% upper confidence limits, expressed as excess lifetime cancer cases per 
million population. 





2. Quantitative Cancer Risk Assessment Based on Human Data 

Department of Health Services (DHS) staff conducted a quantitative cancer risk 

assessment for cadmium using the data from the occupational mortality study by 

Thun et al. (1985) and extrapolating to ambient levels in California. The 

strengths of this study are described elsewhere in this document (Section 

VII.J.2). The exposure data in this study were based on industrial hygiene 

measurements and individual work histories. These measurements consisted of 

historical area monitoring samples and, when appropriate, were adjusted to 

reflect respirator protection in departments where respirators had been worn. 

For workers employed 6 months or longer in production areas of the plant the 

person-years of follow-up were divided into 3 categories according to cumula- 

tive exposure in mg-days/m3, (see Table IX-3). The risk of death from lung 

cancer 

ratio 

for 

(SMR) 

each exposure group was measured by the standardized mortality 

. The data indicated a clear dose-response, with SMRs of 53, 152 

and 280 for the low, moderate and high exposure groups. Because the study 

related quantified exposure levels to quantified measures of lung cancer risk, 

the data were suitable for a risk assessment. 

DHS staff emphasizes that the risk estimates derived in conducting any risk 

assessment are not exact predictions, but rather represent best estimates 

based on current scientific knowledge and methods. It is important to recog- 

nize that uncertainties arise both in the data and in the extrapolation 

process, and that these uncerrainties necessitate the use of assumptions. In 

its presentation of this risk assessment, the DMS staff has explained the 

assumptions made at each step, and the direction in which each assumption 

affected the risk estimates. 



The choice of assumptions involves scientific judgment. Guided by our mandate 

to protect the public health, the DHS staff has chosen to use linear models 

for extrapolation purposes, because these models are likely to be health- 

conservative. With regard to assumptions about the data, the DHS staff has 

utilized the median exposure levels and maximum likelihood risk estimates. 

This approach leads to a plausible upper bound for risk estimates. 

The carcinogenic risk assessment for cadmium is discussed in three sections 

which cover the following: 

(1) the limitations of the data collected and reported by Thun et al.; 

(2) the model which was fitted to the data, its mathematical representation, 

and the assumptions; and 

(3) the application of the model to the general population to obtain a unit 

risk and upper confidence limit for this unit risk. 

Q 
a. Limitations of the data used for auantitative risk assessment 

Uncertainties stemming from the data on which the risk assessment was based 

fall 'into four main categories: (1) the accuracy of the exposure assessment 

for workers in the cohort. (2) the accuracy of the response or cancer mor- 

tality measurements, (3) the potential effects of confounding factors and (4) 

the application of the observed dose-response rela;ionship to the California 

general population. A full discussion of potential confounding in this study 

is found in Section VII.J.2, Fesuiratorv cancer - Thun study. The first three 

issues relate to internal validity in the measurement of a dose-response 

relationship among a group of cadmium-exposed workers; the fourth is an issue 

of external validity or generalizability beyond the study population. 



(i) U u s  

Industrial hygiene area samples provided the basis for assessing exposure 

of individuals. For each job category, a quantitative exposure level was 

assigned. Each day of each worker's employment was classified into one 

of seven exposure-based job categories. While samples had been collected 

and measured beginning in the 19401s, the period of potential exposure 

for this cohort was 1926 - 1969 (inclusive). Two adjustments were made 

to these measurements: (1) conversion from area samples to personal 

exposure estimates was based on a 1973 - 1976 survey which compared area 
and personal samples; (2) adjustment of the personal exposure estimates 

to reflect respirator effectiveness was based on a 1976 survey of 

respirators. 

Uncertainty as to the validity of the exposure estimates stems from (i) 

the application of 1940's measurements to earlier periods, (ii) the 

application of department-based data to individual workers, (iii) the use 

of a ratio determined in the 1970's for converting area samples to per- 

sonal exposures for the entire exposure period, and (iv) the use of a 

respirator effectiveness factor determined in 1976 for the entire ex- 

posure period. The assumptions of (i) and (iv) are likely to result in 

underestimation of exposure, while the assumptions of (ii) or (iii) could 

be biased in either direction. The DHS staff knows of no ;ay to quantify 

these uncertainties. 

(ii) Uncertainties in the risk estimates 

Loss to follow-up was low (2%); nevertheless, if any of the 12 whose 

vital status was not ascertained did die of lung cancer, the calculated 



SMRs would be lower than they should be, and therefore the risk estimates 

a derived by DHS would also be too low. 

One, of the lung cancer deaths in the middle exposure category was 

originally miscoded as a non-lung cancer death. For consistency with the 

comparison population (general population rates inevitably include some 

miscodings of the cause of death), this death should not be counted as 

being due to lung cancer. In this risk assessment, the estimates were 

calculated by excluding this death. A comparison showed that inclusion 

of this death as due to lung cancer did not substantially alter the risk 

estimates. 

The original analysis of Thun et al. (1985) used U.S. lung cancer death 

rates for comparison with this cohort (Table VII-9) because state rates 

were not available before 1950. An updated report (Thun et 81. 1986) 

includes estimates of SMRs based on Colorado rates in which the 1950 

rates were assumed to hold for the earlier years (Tables VII-10). The 

DHS estimated excess risk using both the U.S. and Colorado lung cancer 

' death rates. As shown below, these estimates are virtually identical. 

Uncertainty with regard to the measures of risk reported by Thun et al. 

are rather minor. With the exception of the unknown outcomes for those 

lost to follow-up, DHS staff has incorporated these uncertainties 

(stemming from the miscoding and the choice of control population) into 

its analysis. 



(iii) Jiature of the cohort and occuoational exvosure 

The exposures of the workers in the study tended to be acute and occurred 

within a short time span, while those of the general population occur at 

low levels over a lifetime. It may be that a high, short-term exposure 

which overwhelms the body's defense mechanisms is necessary for cadmium 

to exert its carcinogenic effect. There is no clear evidence, however, 

that cadmium operates in this way. In an animal study, at an exposure 

level of 1.6 mg/ms, initial pulmonary damage appeared to be repaired even 

under continued exposure (Hart, 1986). Therefore, DHS has made the 

health-conservative assumption that cumulative exposure is the ap- 

propriate measure for evaluating the dose-response relationship between 

cadmium and lung cancer mortality. 

Since white male workers in Colorado constitute the members of the 

cohort, in order to estimate risks to the general California population 

it has been assumed that dose-response relationships obsenred in Colorado 

white male workers are applicable to California residents of all ages, 

including: nonwhites, females, and nonworkers. DHS staff has used a 

model which quantifies the overall health difference between the workers 

in the study and those in the general population of the same race, sex 

and age. That is, an estimate was made not only of cadmium's car- 

cinogenic potency, but also of the "healthy worker effect". In effect, 

this risk assessment assumes that the dose-response relationship estab- 

lished for white males in the general population of the same ages as the 

workers is applicable to white males of other age groups and to females 

and nonwhites of all ages. The DHS staff knows of no way to quantify the 

uncertainty stemming from this assumption. 



(iv) Confounding 

Uncertainty stemming from potential confounding by smoking or arsenic has 

been discussed in detail elsewhere in this document (See Section VII.J.2 

Human Studies, Resuiratorv Cancer : Thun studv). 

b. podelink of the Data for Cancer Risk Assessment 

(i) Exuosure assumutions for the modeling 

As discussed above, the first assumption of the risk assessment is that 

the lifetime cumulative exposure to cadmium can be used as a summary 

measurement for determining carcinogenic potency. In other words, it is 

assumed that total lifetime dose determines cancer risk, regardless of 

whether it is inhaled in a workplace setting at the mg/m3 level, or 

whether it is inhaled over a whole lifetime from ambient air at the ng/m 3 

level. The DHS staff recognizes that this is a simplistic assumption and 

that dose-rate may influence the magnitude of carcinogenic effects. In 

the case of cadmium, the data are insufficient to quantify the dose-rate 

effect on carcinogenesis. The assumption to ignore dose-rate is a 

health-protective assumption since the environmental exposures involve 

lower dose-rates than were prevalent among the workers. The median 

cumulative exposure in each of the three exposure groups designated by 

Thun et al. was used in the risk assessment (see Table IX-3). (These 

medians, though not in the published report, were provided by Dr. Thun, 

personal communication.) 



Table IX-3 

EXPOSURE LEVELS OF 
WORKERS IN STUDY BY 

THUN ET AL. 

Equivalent Lifetime 

Dose Rate* in uv/m 3 

Range Median Median Median 
Reported by Adjusted for 
Thun et a1 . 240 Workdays/year 

Low 5584 280 184.1 

Middle 585-2920 1210 795.6 

High 22921 4200 2761.6 

* Assumes 24 hours/day exposure and an estimated average lifetime of 
61.5 years. 



A second assumption regarding exposure is that particle size distribution 

i n  the occupational setting of the Thun et al. study is similar to that 

of ambient California air. There is insufficient infofmation to deter- 

mine the validity of this assumption, or to determine whether this 

assumption leads to an underestimate or overestimate of actual risk. 

(ii) Justification of model 

A linear model which incorporates a parameter for the "healthy worker 

effect" was fitted to the data and evaluated for goodness-of-fit. DHS 

staff considers linear models most appropriate for extrapolating human 

cancer risks at low doses from human data at high doses. This position 

is based on the view that risk estimates should represent plausible upper 

bounds. The concept of a "plausible upper bound" is distinct from a 

"worst-case scenario," as explained below. 

Current scientific opinion supports the view that the assumption of 

' linearity is likely to be health-conservative, and should therefore lead 

to an upper bound estimate of low-dose risks. The actual risks may be 

lower than those estimated, but are unlikely to be higher, though this 

possibility cannot be completely ruled out. Therefore the "upper bound" 

aspect of the DHS staff risk estimate is mainly a reflection of the 

linearity assumption. 



On the other hand, the use of observed mortality data and reasonable 

exposure estimates renders these estimated risks plausible. If the es- 

timates of exposure had been based on assumptions that were extreme 

(e.g., only using the lowest measurements, thereby inflating the potency 

estimate) or if instead of the observed deaths, an upper confidence limit 

had been used, then the resulting risk estimates would have been derived 

from a "worst case scenario." Therefore the "plausible" aspect of the 

DHS risk estimate stems from the use of available and reasonable es- 

timates of exposure and observed mortality data. 

Finally, the use of the slope estimated by an iterative least squares 

(Gauss-Newton) method yields a best estimate for a plausible upper bound 

of risk. The 95% (two-tailed) upper confidence limit on the slope of the 

linear model yields an upper confidence limit for the risk estimate. It 

represents, under the assumption of linearity, an estimate of slope that 

is likely to be too low only 2.5% of the time. 

(iii) S~ecification of mode% 

A Poisson regression model was fitted to the data. In this model the 

observed deaths are a function of two variables: the dose and the ex- 

pected deaths. The function has two parameters: one for the 

carcinogenic potency of cadmium, the other to account for the healthy 

worker effect. 

Let Obsi- observed deaths in exposure group i 



Expi- expected deaths in exposure group i based on the indirect 

method of age adjustment 

di- median dose received by group i 

Then the model is expressed as: 

E [ Obsi] - (l+Bdi) a . Expi 
where E[.] represents the expectation of a random variable, 

a - healthy worker effect, and 
p - potency of cadmium per unit dose. 

This model predicts that in the absence of cadmium exposure (di=O), the 

observed deaths will equal the expected deaths times some factor which 

distinguishes the workers from the general population, a factor which can 

be termed the "healthy worker effect." The appropriateness of this model 

is indicated by the mortality experience of the low exposure group, which . 

had an SMR for lung cancer of 53. (The cohort also had a low SMR for car- 

diovascular deaths.) This model therefore separates the carcinogenic 

effect of cadmium from the opposing, healthy worker effect. Using the 

nonlinear regression procedure (NLIN) of the statistical package produced 

by, the SAS Institute, the parameters were estimated at: 

& - .500 (unitless parameter) and 
3 -1 - .0017 (cumulative mg-days/m ) . 

The 95% (two tailed) upper confidence limit for was .0079, and the x 2 

goodness-of-fit statistic was .15 (1 df, ps.70). Lung cancer tieaths 

predicted by the model are compared with the observed lung cancer deaths 

for the three exposure groups in Table IX-4. 
8 



Table IX-4 

OBSERVED * 

LUNG CANCER DEATHS 
AMONG CADMIUM-EXPOSED WORKERS: 

OBSERVED AND PREDICTED 

PREDICTED: LINEAR RELATIVE RISK MODEL WITH 

HEALTHY WORKER EFFECT 
U.S. Controls 

Colorado Controls 

CUMULATIVE EXPOSURE GROUPS 
L o w  Middle High 

NO HEALTHY WORKER EFFECT 

U.S. Controls 4.16 6.69 6 . 4 ~ ~  

OBSERVED~* 2 

PREDICTED: LINEAR RELATIVE RISK MODEL WITH 

HEALTHY WORKER EFFECT 
U.S. Controls 

* Data of Thun et al. 1985 

a The prediction of fewer deaths in the high exposure group than in the middle 
exposure group reflects a larger number of person-years in the middle 
exposure group. 

b The lower part of this table retresents the Thun et al. data in which an 
originally miscoded death has been corrected to be due to lung cancer. 



As discussed above (Section IX.B.2.a.ii Uncertainties in the risk 

estimates), the uncertainties in the data (due to miscoding of one lung 

cancer death and the use of U.S. rather than Colorado population rates) 

were evaluated by fitting two alternate versions of these data. In 

addition, the model was altered by removing the healthy worker parameter, 

for the purpose of comparison. (See Table IX-4.): 

(1) Using expected deaths based on Colorado rates rather than U.S. 

rates, the predicted deaths were almost identical, though the estimate 

of a was different (& - .727, not shown in table). The model therefore 

behaves as it should, i.e.: (1) the estimate of the dose effect should 

not depend on the comparison population; (2) the difference between 

these workers and the population of Colorado should be less than the 

difference between the workers and the U.S. population (that is, & was 

closer to 1 using the Colorado population). 

(2) Inclusion of the miscoded lung cancer death from the middle dose 

group (i.e. fitting the model to observed deaths of 2,7 and 7 rather 

than 2,6 and 7 for the three dose groups) yielded very similar results. 

(3) For comparison, the linear model without a healthy worker 

parameter was fitted to the data. As seen in Table IX-4, the fit was 

not as good, particularly for the low dose category. 

c. A~~lication of the model to the California ~ouulatio~ 

With these estimates of the parameters, the model was then applied to the 

California population to predict the excess number of lung cancer deaths 



induced by cadmium exposure. The mathematical details are shown in 

appendix D. 

First, a current life table was produced for California males and females 

separately, using five-year age intervals (see Table D-la and D-lb). The life 

table allows one to adjust for competing causes of mortality in evaluating the 

risks due to a particular cause. The background hazard of lung cancer death 

for each five-year age interval was calculated using 1980 census data for 

California (Bureau of the Census, 1982) and age-specific death rates for 

California from 1979-80 vital statistics data (California Department of Health 

Services, 1982) by standard statistical techniques (Chiang 1984). These were 

then summed over a lifetime: the last entry of the last column in Table D-la 

and D-lb represents, for males and females respectively, the cumulative prob- 

ability of dying of lung cancer to the end of that age interval, i.e. age 79. 

0 
Next, using the estimated value for ,3 and setting a - I for the general 
population (i.e. no healthy worker effect), the hazard of lung cancer death 

given a continuous lifetime exposure to 1 ng/ms cadmium was calculated from 

the model. Using these hazard rates, a new life table was constructed (Tables 

D-2a for males and D-2b for females). Subtracting the background probability 

of a lung cancer death from that obtained for an exposed population results in 

a unit risk of 1.6 excess lung cancer deaths per million persons in California 

due to a continuous lifetime exposure of 1 ng/ms cadmium in air. Table IX-5 

summarizes these risk estimates. 



TABLE IX-5 

BACKGROUND 

EXPOSED~ no lag 

LSE~ 

U C L ~  

EXPOSED~ 10 year lag 

EXCESS DUE TO EXPOSURE 

LS E 

UCL 

LIFETIME PROBABILITY OF 
LUNG CANCER DEATH 

w .  FEMALES 

.0554577 .0248524 

a Exposed continuously to 1 ng/ms Cd in ambient air. 

b~~~ - least squares estimate. 
C UCL - 95% upper confidence limit. 
d~ssumes 50% of population for each sex. 



Using the upper confidence limit for p instead of the least squares estimate 

yields an upper limit of 11.6 x for the unit risk of excess lung cancer 

6 
deaths per 1 ng/m3 cadmium in air (based on Tables D-3a and D-3b). An alter- 

native analysis which assumes that the effect of an exposure on subsequent 

lung cancer deaths requires a 10-year latency period did not alter the es- 

timates of excess risk (see Tables D-4a and D-4b). 

The estimated unit risk for excess lung cancer deaths due to 1 ng/m3 lifetime 

exposure of cadmium is 2 x lom6. The upper 95% confidence limit of this 

-6 estimate is 12 x 10 . 

The DHS staff recommends that the upper 95% confidence limit estimate be used 

for regulatory purposes, rather than the best estimate, for two reasons: (1) 

the epidemiologic evidence is suggestive of cadmium carcinogenicity for 

several urogenital sites, and (2) the application of a dose-response relation- 

ship observed in adult working males to the general population assumes equal 

pdtency across all ages and both sexes. 

This risk assessment uses only one site, respiratory tract cancers. As stated 

in Section VII.J.2, there is evidence suggesting an association between cad- 

mium exposure and renal, bladder, and prostate cancer. Since quantitative 

exposure data were not available for those studies that showed increased risk 

for these cancers, it was not possible to conduct an analysis similar to that 

conducted for respiratory cancer. Deaths from these three cancers are much 



rarer than respiratory cancer deaths, and the excess number of deaths from all 

three combined is likely to be far less than the number of excess respiratory 

cancer deaths for a given level of cadmium exposure. Nevertheless, some 

margin above the least squares estimate of unit risk would be desirable, in 

order to include the added risk for deaths from cancer at other sites. 

The .assumption of equal potency for cadmium carcinogenicity across all ages 

and both sexes could result in underestimates of risk for several reasons. 

Rapidly proliferating tissues may be more susceptible to carcinogenic agents 

than cells which are proliferating at a slower rate since the opportunities 

for errors in DNA replication are greater at these times. Lung growth occurs 

through childhood and puberty. Secondly, where air concentrations of cadmium 

are related to dust from contaminated soil, children are not only closer to 

the ground, but far more likely to play in dirt and thus to have substantially 

higher exposures than adults. Thirdly, a recent paper by Phalen et al. (1985) 

showed that tracheobronchial particle deposition is generally more efficient 

in smaller (younger) individuals than in larger (older) people. For instance, 

the dose on a per kg mass basis for 5 pm diameter particles could be 6 times 

hi'gher in a resting newborn than in a resting adult. Therefore, at ages when 

individuals are potentially more susceptible to carcinogenic damage, they may 

be consistly receiving higher exposures and distributing cadmium to the target 

site more efficiently. 

For these reasons the DHS staff recommends adoption of the upper confidence 

limit on the unit risk, i.e. 12 excess lifetime cancer deaths per million 

persons. 



A comparison of the two risk assessments, one based on animal data, the other 

based on human data, is shown in Table IX-6 and in Figure IX-2. Comparing the 

low-dose risk estimates from both sets of data, it can be seen that the multi- 

stage model applied to lung tumors in male rats predicts about 60-fold greater 

excess lung cancer deaths at ambient exposure levels than a linear extrapola- 

tion from respiratory cancer deaths among the occupational cohort. The 

maximum likelihood animal-based estimate is about one order of magnitude 

larger than the upper confidence limit for the human-based estimate. 

Considering the degree of uncertainty associated with extrapolation over 3-4 

orders of magnitude, the differences between the two risk assessments are 

relatively small. Nevertheless, the ranges of risk provided by these two 

sources of data do not overlap. Staff members of DHS believe that the human- 6 
based risk assessment should be adopted. In reaching this decision, we have 

considered the following possible explanations for the difference between the 

two risk assessments: 

(1) If the doses received by the workers were overestimated, then the 

potency would be underestimated by the human-based risk assessment, since 

the observed number of cancer deaths is fixed. 

Members of DHS staff, in consultation with industrial hygiene staff of 

Cal/OSHA, have examined the methods used to estimate exposure levels 



TABLE IX-6 

ANIMAL AND HUMAN BASED PREDICTIONS 

OF EXCESS LIFETIME CANCER RISKS PER MILLION PERSONS 

EXPOSED TO AMBIENT AIRBORNE CONCENTRATIONS OF CADMIUM 

Ambient Air Concentration 

Overall mean UCL of over- hot spot mean 
in California all California 

me an 

ANIMAL DATA 

95% Upper Confidence Limit 

Point Estimate 

95% Upper Confidence Limit 

Point Estimate 





reported by Thun et al. (1985), Smith et al. (1980a,b). We have con- 

cluded that the exposure levels were not likely to have been 

overestimated. In fact, a number of assumptions may have resulted in 

underestimates of past exposures. Underestimation of potency due to 

inaccuracies in the worker exposure data is therefore, unlikely. 

(2) If the risk of respiratory cancer in cadmium-exposed workers were 

underestimated, then the human-based risk assessment may be too low. 

This could have occurred for three reasons. 

The first is that the U.S. general population may not have been the most 

appropriate comparison p6pulation for this worker cohort. A better 

choice may have been the population in the state of Colorado, or perhaps 

that of the county where the factory was located, both of which have 

lower respiratory cancer mortality rates (10 to 25%) than the U.S. 

population (Thun et a1. 1985, NIH 1975). As shown in Table IX-3, 

however, the use of Colorado controls did not affect the potency es- 

timates because the model that was adopted was robust to the choice of 

comparison population. 

The second reason that respiratory cancer risk for exposed workers could 

have been underestimated is that the follow-up period may have been too 

short to allow for the latency period. The animal studies indicated a 

long latency for cadmium-induced lung tumors: 23 out of 25 tumors ap- 

peared in high-dosed animals, which died after 27 months. (Had the study 

been terminated at 24 months, the typical length of a bioassay, these 



tumors might not have been observed.) The epidemiology also indicated 

long latencies: 20+ years (Lemen et al. 1976) and 30+ years (Sorahan and 

Waterhouse 1983). Since '83% of the workers had been followed for at 

least 20 years and 66% had been followed for at least 30 years, the 

latency period for a large proportion of the lung cancers had probably 

passed. 

The third reason that respiratory cancer risk for exposed workers could 

have been underestimated is if incidence and mortality differed greatly, 

either due to long survival with the disease, or to cure. Since lung 

cancer is usually fatal, having a five-year survival rate of about 10% 

for U.S. whites (Silverberg and Lubera 1 9 8 3 ) ,  it seems unlikely that the 

risk of respiratory cancer has been significantly underestimated because 

of nonfatal cases of respiratory cancer. 

Because the risk estimates from the human data do not appear to be too 

low, the staff of DHS concludes that a significant underestimate of human 

carcinogenic response from cadmium exposure is not likely. 

Based on examining points (1) and ( 2 ) ,  and the fact that a linear model 

is likely to be health-conservative, DHS staff concludes that the es- 

timates of human carcinogenic potencies for cadmium shown in Table IX-2 

are not too low, and that the higher potency estimate derived from animal 

data must be explained by other arguments 



(3) If rodents and humans differ in their sensitivities to the car- 

e cinogenic effects of cadmium, then part of the discrepancy may be due to 

interspecies differences. These interspecies differences are likely to 

stem from different rates and pathways of distribution, metabolism and 

excretion (Williams 1978). 

However, there is no evidence to suggest large differences in these 

processes between humans and other species (See Section V). 

( 4 )  If the conversion factor in calculating human equivalent doses from 

the animal bioassay were inappropriate, then the animal-based estimates 

of potency would be too high. 

As discussed earlier in this section (IX.B.l), the interspecies conver- 

sion is based on surface area equivalence. Use of this conversion method 

has been justified by the argument that: (a) the metabolic rate deter- 

mines the carcinogenic activity of the compound or its reactive 

metabolite; and (b) body surface area is related to metabolic rate. 

In the case of cadmium, it could be argued that metabolic rate is not 

relevant since the main site of action (and the site used for these risk 

assessments) is the point of contact. Based on direct airborne con- 

centrations (in pg/mS)  (averaged over lifetime), the staff of DHS 

recalculated the slopes of the animal-based extrapolation using the 

multistage model. The effect was to reduce the slope by more than one 



order of magnitude, resulting in low-dose risks almost identical to those 

predicted by the upper confidence limit of the human-based risk estimate. a 
1.t is possible, therefore, that the discrepancy between the animal- and- 

human-based risk assessments may be explained by an inappropriate choice 

of interspecies conversion factor. This issue, however, cannot be 

resolved given the current state of knowledge. 

(5) If the greater carcinogenic response in animals were due to ad- 

ministration of cadmium chloride rather than the compound to which the 

cohort of workers was primarily exposed, cadmium oxide (Thun et al. 

1985), then a direct extrapolation from the animal bioassay data would 

not be appropriate for ambient human exposures to cadmium oxide. A 

greater potency for the soluble cadmium chloride could explain the 

discrepancy. The pharmacologic evidence does not support this thesis, @ 
however, since animal studies indicate cadmium chloride and cadmium oxide 

are ̂ handled in a similar fashion by the respiratory tract (Oberdorster 

1979, 1980). 

( 6 )  If the dose rate affected potency, then a lower dose rate ad- 

ministered over a lifetime might carry a different risk than a higher 

rate administered for short periods. In this case, the animals received 

the continuous lifetime dising, while the workers received higher, short- 

term exposures. Since it does not seem likely that a lower potency would 

result from higher short-term exposures, dose rate probably does not 

explain the different risk estimates. 



Members of DHS staff have concluded that the discrepancy between the animal- 

and human-based cadmium risk estimates is not due to deficiencies in the human 

data for exposure or response. Thus, reliance on the human-based risk assess- 

ment is sufficiently health-conservative because of the assumption of 

linearity between dose and excess relative risk. Because there may be sub- 

groups of the population whose sensitivity to the carcinogenic effects of 

cadmium is greater than adult white males, and because there may be a small 

added risk for cancers at other sites due to cadmium exposure, the use of the 

upper 95% (two-tailed) confidence limit for risk is recommended. This risk is 

estimated at 12 excess lifetime cancer deaths per million persons continuously 

exposed to 1 ng/m3 cadmium throughout their lifetimes. 

C. Estimated Risks at Ambient Airborne Concentrations of Cadmiuq 

The noncarcinogenic and carcinogenic risk assessments performed in the pre- 

vious sections (1X.A and 1X.B) apply to general situations. In order to 

estimate the hazard posed by airborne cadmium to residents of California, it 

is necessary to determine what the ambient concentration is. The staff of the 

Air'Resources Board has estimated that the range of average ambient concentra- 

tions is from I to 2.5 ng/m3. 

As discussed in Section IX.A, lifetime exposure to an ambient airborne con- 

centration of 1 ng/ms does not pose a signifycant hazard for renal toxicity. 

The ambient airborne concentration of 2.5 ng/ms is also two to three orders of 

magnitude less than the estimated ambient airborne concentration of cadmium 
I 

(650 to 2500 ng/m3) necessary to induce renal toxicity in 10 percent of the 



population. Therefore, this ambient concentration is not expected to pose a 

significant health hazard. Since renal. toxicity is believed to be the most 

sensitive noncarcinogenic effect caused by cadmium, no other noncarcinogenic 

effects are expected to occur at the present ambient levels. 

The carcinogenic risk from cadmium exposure has been estimated based on the 

assumption that the mechanism of action is a nonthreshold process. Therefore, 

there is always an excess cancer risk from exposure to any level of cadmium. 

As discussed in Section IX.B, staff members of DHS have concluded that the 

- 6 
best estimated range of risk for excess lifetime cancer is from 2 X 10 to 

1.2 X lom5 (ng/m3)-I. The theoretical excess lifetime cancer risk from con- 

tinuous 24-hour per day exposure at the average concentrations of 2.5 ng/m3 in 

California ambient air is 1 to 30 per million persons exposed (See Table IX- 

The ARB has also identified hotspots in California where ambient exposures are 

40 ng/m3, 24-hour average. The range of estimated excess lifetime cancer risk 

due to the average hot spot exposures is 80 to 480 per million persons 

exposed. The ARB staff estimates that approximately 57,000 people in 

California reside in these hot spots. 
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el ABSTRACT-Lung Cancers were Induced in lnbred W rats by cadmtum 
chloride aerosols. For 18 months. 120 male W rats were continuously 

to cadmium chloride aerosols with cadmium (Cd) concentra- I 
lions of 12.5. 25. and50 pg/mJ, respectively. For the same period Of 

1 time, 41 rats were kept in liitered air; lhese rats served as lhe control 
1 The survivors were killed 13 months alter lhe end of the 
1 inhalation experiments. Histopathologic examination revealed a dose- 

dependent incidence 01 primary lung carcinomas ol the loltowing types 
Idenocarcinomas, epidermoid tsquamous cell) carcinomas, combined 
epidermoid carcinomas am adenocarcinomas, and mucoepidermoid 
carcinomas. The incidence of lung carcinomas was 71.4% in the group 

to 50 pg Cd/mJ. 52.6% In the group exposed lo 25 p9 Cdi 
rn', and 15.4% in the group exposed to 12.5 pg Cd/mJ. None 01 the 
controls developed lung carcinomas. At the end of the experiment. the 
remaining Cd concentrations in the lungs were relatively high, almost 
at lhe same level as those in the livers.-JNCI 1~83:"10:367-373. 

In recent years the incidence of lung tumors has increased 
markedly. Air pollution is assumed to be one of the reasons 
lor this increase (1, 2). 

Cadmium (Cd), frequently used in industry, is highly 

I 
toxic. A number of toxicity experiments revealed acute and 
chronic disorders in the kidneys, bones, testes, and lungs of 
animals exposed to Cd (3). Although in some of the  reports 
a relationship between lung tumors and Cd is suggested (4- 
!, it has not yet been confirmed experimentally. 
. \  previous experiment (Oldiges H, Oberdorstcr G, Heer- 

17 : H, Hochrainer D, Mohr U: Unpublished data) in our 
in,titute and a publication by Hadley et al. (7) showed that 
I or 2 lung tumors developed in rats exposed to Cd aerosols. 
Since spontaneous, primary lung tumors seldom occur in 
ats, we thought these findings were important. Thus we 

performed a long-term inhalation experiment with cad- 
mium chloride (CdCI2) to ascertain its eflccts on rats. 

1 MATERIALS AND METHODS 

Inhalation system and aerosol gmemtion.-The inhalation was 
performed according to a technique previously reported by 
Prigge and co-workers (8, 9) and Oberdorstcr et al. (10). 
The exposure took place in 225-liter inhalation chambers 
containing two wire mesh cages each comprised of 10 rats. 
\Ve generated the aerosol by atomizing a solution of CdClz 
( ~ 0 . 3 2  g/liter) with an ultrasonic atomizer. Since the con- 
sumption of the solution by the atomizer was 100 ml/hour, 
the solution was kept in a 10-liter reservoir, which was large 
enough for constant operation also during the weekend. The  
reservoir was refilled daily, except on Saturdays and Sun- 
days, and the concentration was adjusted and checked by 
titration. T h e  air flow t h r o u ~ h  the atomizer was 700 liters/ 
minute, and the droplets dried in less than 1 second. The  
aerosol flow through the inhalation chambers was kept at 
80 liters/minute. For lower concentrations ofCd, the aerosol 
was diluted with filtered laboratory air. We determined the 
aerosol concentrations once or twice a week by drawing 

aerosol sainples u l  about I n13 air frotn the intake urxl thc 
exhaust of the chambers through membrane filters with a 
nominal pore size of0.2 pm. Even particles smaller than this 
size are collected on such filters with a deposition rate o r  
almost 100%. The mass of Cd on the filters was determined 
by atomic absorption spectrometry. The Cd concentrations 
in the chambers werc assumed to be the arithmetic mean of 
the Cd concentrations measured'simultancously at the in- 
take and the exhaust. The particle size distribution was 
measured by means of an aerosol centriluge (II) ,  where the 
particles werc deposited on a strip of filter paper according 
to their aerodynamic diameter. This strip was cut into 
sections, and the mass of Cd on each section was determined 
by atomic absorption spectrometry. By the known calibra- 
tion of the centrifuge, the particle size distribution could be 
determined. The aerodynamic mass median diameter was 
0.55 um. the arithmetic standard deviation was 0.48 pm, 
and ;he keometric standard deviation was calculated to be 

v 

1.8. 
Expmimrnt.-Male inbred W rats [TNO-W-75-SPF; i.e.. 

from Nederlandse Organisatie voor Toegepast Natuunvc- 
tenschappelijk Onderzoek (TNO), inbred Wistar 1974 (I\'- 
74), and specific pathogcn-free (SPF)], purchased from F. 
Winkelman GmbH & Co., Borchen, Federal Republic of 
Germany, were used. They were approximately 6 weeks old 
and weighed 133-135 g a t  the beginning of the experiment. 
We divided 120 rats into 3 groups; 40 rats each were 
continuously (23 hr/day, 7 days/wk) exposed for 18 months 
to CdClz aerosols with nominal Cd concentrations or 12.5, 
25, and 50 pg/m? (The measured concentrations and fre- 
quency of measurements are shown in table I.) In addition, 
41 rats werc kept in filtered air as a control group lor the 
same period of time. Both experimental and control animals 
received water ad libitum and were given a pellet diet from 
4 p.m. to 8 a.m. only to minimize food contamination with 

Ass~rv!rnovr urro: H & E-hcmatoxylin and msin; KBS-Sational 
Bureau ofStandar&; PAS-periodicaeid-SchilT; SRM-standard reference 
material. 
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. . .  
TABLE 1.-Nominal ~d mrosured Cd mncrnlralinnn ofthe CdCh 

oeroaob usedlor inhalation 

N o m ~ n d  con. Measured con- Sandard de No. of rnea- 
cenlmtions. centrationa, natioh a,ml suremPnui 

P ~ l m '  P B / ~ '  
50.0 50.8 5.9 212 
25.0 25.7 3.6 220 
12.5 13 4 2.1 210 

CdCb. After the inhalation period, all rats were housed 
singly in plastic cages under conventional laboratory con- 
ditions for 13 months. During the experimental period, the 
animals were weighed every 3 months. Dead or dying 
animals were autopsied as soon a? possible after they were 
detected. The rats surviving 31 months after the beginning 
or the experiment were killed by exsanguination under 
pentobarbital anesthesia for histopathologic examination 
and for measurement ofthe Cd content in their lungs, liven, - 
and kidneys. 

A11 tissues were fixed in 10% buffered Formalin. The 

. . 

tromctcrequippo ~h an 11CA 500"graphite atoll ,ind 
an AS 40 autosan~,,lcr. Thc Massmann furnace w: o(iI. 
fied by the appli;ation of a L'vov platlornm to due, 
interfcrencaolthe biological n~atrix and to achieve n i ~ i g l ~ c ~  
sensitivity (12-14). For thc same purpose a 970 s<~lutiun of 
NH4H2P0, (E. Merck A.G.; guaranteed rcagcnts lor anal. 
ysis) was added to the sample injected into the cuvctte. All 
measurements werc done in the standard addition mode. 

The sensitivity of the Cd determination was 1 ng Cd/ml, 
and'the corresponding absorption value was 0.073 (absorb- 
ance of 16.6%) for a 20-pi sample. 

skulls of the rats killed were decalcified in a mixture of 
formic acid and Formalin. The Paraplast sections (3-4 pm) 
For histopathologic examination were stained with H & E 
and by the PAS reaction. 

A 0.2-g portion (wet wt) oflungs, livers, and kidneys was 
digested with 5 ml nitric acid (65% Suprapur; E. h4erck 
H.G., Darmstadt, Federal Republic of Germany) under 
pressure at 170°C. After the removal of HNO*, the residue 
was diluted to 10 ml with 1% nitric acid. NBS SRM 1577 
(bovine liver; authentic Cd content: 0.27+0.04 pg/g; meas- 
ured: 0.32A0.03 pg/g) was treated in the same way. The Cd 
conccntration \\.as determined on a Pcrkin-Elmcr 4000 spec- 

RESULTS \ ! I .  

rc--. ~ 0 ~ ~ 1 r n ~  ~d . 1 , 
A 2 5  
A 1 2 . 5  

0--0 CONTROL 

During the inhalation period of 18 months, the body , 

weights were similar among the control and the CdC12- 
exposed groups. Six months after the inhalation period, all 
rats had lost weight, which kept on decreasing until the end 
of the experiment. However, there wercno significant dif- 
(ercnca among the 4 groups (text-fig. 1). 

T h t  mean survival t i m a  (in wk, SD) were 121.9k18.9, 
119.2t16.9, 124.5f 15.4, and 116.1+22.9 for the control 
group and the groups exposed to Cd at 12.5,25, and  50 pg/' 
m3, rcspectively. The  mean values include thc lifetime of 
rats killed when the experiment was terminated. The  differ. 
ences were not significant, though the mean survival time o l  
the rats'cxposed to 50 pg Cd/m3 was slightly shorter than 
the mean survival times of the other groups (text-fig. 2). 

As shown in table 2, the Cd concentrations in thc lungs 
were 10.4 pg/g wm wcight in the highest, 4.7 pg/g in the 
middle, and 5.6 pg/g in the lowest concentration group* 

1 .  

0 3 7 10 12 15 18 21 2L 2 7  30  
MONTHS . 

. v ~ . ~ ~ . , , , ; , ~ ~ ~  l.-Avcraqc ~ v i q l ~ ! ~  <brr t~ !% in t l u  it~~lie:uw~l rx18tnt8rc sr6fitqb\ 

\ 
' 
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and less than 0.03 pg/g in h e  control group The valuer 
the lungi and livers werc comparable. The Cd concenlj. 



1 .  MONTHS 

lions in the kidneys were about three times as high as those 
in the other organs examined. 

The first epidermoid carcinoma occurred in a rat exposed 
!o 25 pg Cd/m3; this rat died 20 months after the beginning 

he experiment. The first adenocarcinoma was seen in a ;::* .xposed to 12.5 pg Cd/m3; this rat died after 22 months. 
,, 2 rats of the group exposed to 50 pg cd/m3, which died 

iifter 23 months, a lung adenocarcinoma and lung epider. 
nloid carcinoma, respectively, were observed. 

The adenocarcinoma, mainly showing papillary and 
sometimes glandular structures, had developed in every lung 
lobe. It consisted ofcuboidal and columnar ceMs with irreg- 
ular nuclei and infrequent mitosa. In many cases mucus 
secretion was noted (figs. 1-3). 

The epiderinoid carcinoma occurred as a single tumor 
mass consisting of typical epidermoid structures, with or 
without keratinization, and frequent mitoses (figs. 4,5). 

The mucoepidermoid carcinoma showed mucus-secreting 
cells in the cell nests of epidermoid structures (fig. 6). 

,Most of the  tumors were multiple. Two different types of 
carcinomas (adenocarcinoma and e~idennoid carcinoma) 
occurred in the lun of I rat each of the groups exposed to S 2 5  and 50 pg Cd/m (fig. 7). 

TABLE 2.-Concentrution of Cd in iwtgs, livers, and kidneys of W 
rats exposed to CdCI# for 18 months (13 mo after the end 

of the inhalalion) 

Exposure No. of Cd concentration.pg/g wet wh in:' 

ErOUPs rats Lunp l i v e n  Kidneys 

Control 9 ~0.03 0.1+0.1 0.3iO:l 
12.5 pg Cd/m3 6 5.621.0 2.2i0.6 13.5i3.2 

9 4.7i1.5 . 5.9f 1.5 16.4i3.6 
0 pg Cd/m3 9 10.42 4.2 13.5f3.0 33.6t10.7 

'Results are means i SD. 

In all, primary lung carcinomas were induced in 71.4% 
(25/35 rats examined histopathologically) of the animals 
exposed to 50 pg Cd/m3, 52.6% (20/38 rats) of the animals 
exposed to 25 pg Cd/m3, and 15.4% (6/39 rats) of the 
animals exposed to 12.5 pg Cd/m3. Table 3 shows the 
distribution and histologic types of the tumors induced. In 
addition, metastases in the regional lymph nodes and k ~ d -  
neys and invasion into the regional lymph nodes and the 
hearts were observed in some of the cases. Also, several rats 
of the exposed groups showed lung adenomas and adeno- 
matous hyperplasia in the bronchoalveolar area (fig. 8). The 
control group did not develop any lung tumors, although 2 
control rats had metastases deriving from a skin epidermoid 
carcinoma and a skin fibrosarcoma, respectively. 

Many rats in every group also showed various tumors in 
organs other than the lung. There were pituitary tumors (4 
in the control group, 12 in the group exposed to 12.5 pg 
Cd/m3, 5 in the group exposed to 25 pg Cd/m3, and 1 in 
the group exposed to 50 pg Cd/m?, thyoid C-cell tumors 
(2 in the group exposed to 12.5 pg Cd/m and I in the group 
exposed to 25 pg Cd/ms), malignant or benign pheochrom- 
ocytomas (2 in the control group), 8 in the group exposed to 
12.5 pg Cd/m3, 4 in the group exposedJ to 25 pg Cd/m3, and 
4 in the group exposed to 50 pg Cd/m ), pancreatic islet cell 
tumors (1 in the control group and 1 in the group exposed 
to 50 pg Cd/mj ,  taticular Leydig cell tumors (4 in the 
control group, 1 in the group exposed to 12.5 pg Cd/m3, I 
in the group exposed to 25 pg Cd/m3, and 2 in the group 
exposed to 50 pg Cd/m?, skin tumors (3 in the control 
group, 2 in the group exposed to 12.5 pg Cd/m3, 3 in the 
group exposed to 25 pg Cd/m3, and 2 in the group cxpnsc 
to 50 pg Cd/m3), and systemic tumors (I myelomono .Ire 
leukemia in the control group, 1 histiocytoma, 1 hc - 
giosarcoma, and I malignant schwannoma in the % p 
exposed to 12.5.pg Cd/mJ. and 1 malignant lyrnpho in 
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TABLE 3.-Lunr c h ~ g e a  in W rob nfler exposure to CdCIs aerosols 

No, of rats wth lung changes 

Control 41 38. 1 ' 0  0 0 0 0 0 
12.5 pg Cd/ma 40 39' 6 1 6 (15.4) 4 2 0 0 
25 pg Cd/ma 40 38' 5 0 20 (52.6) 15 4 * O  1 

14 7 3 1 50 pg Cd/m8 40 35' 3 1 25 (11.4) 

'%o rats died durinn the f i t  18 mo: another rat w u  not examined beeauae ofautoiy6is. . . - 

'One n t  was not exakcd because of aulnlysla. 
'Two rats were not e-ed because of mulnlysla. 
'Three rats &cd d m g  the hnl 18 ma; 2 other rats wen not examined because of autolysis. 

the group exposed to 25 pg Cd/m3). In addition, many rats 
of the control and the CdClrexposed groups developed 
chronic nephrosis, cardiac fibrosis, and testicular atrophy. 
The occurrence of these histopathologic findings was not 
significantly diIferent among the 4 groups. The nasal cavities 
of rats killed at the end of the experiment had neither 
hyperplastic changes nor tumors. 

DISCUSSION 

Numerous reports concerning the occurrence of Cd in the 
environment and its biological and health elTects have been 
published. Acute exposure experiments-with Cd aerosols 
have demonstrated that Cd damages alveolar type 1 cells, 
which are then replaced by proliferated alveolar type 11 cells 
(15-18). Subacutely inhaled Cd aerosols enhance cell pro- 
liferation in bronchi, bonchioli, and alveoli of the exposed 
rats (9). Although parenteral administration of Cd induces 
tumors in rats (local sarcomas and sometimes testicular 
rumors), evidence of carcinogenicity of inhaled Cd hiis not 
been demonstrated (3, 19, 20). 

In our long-term experiment, lung cancer occurred at a 
high incidence, and a distinct dose-response effect was seen 
with CdClz (71.4% lung cancer in the highest, 52.6% in the 
middle, and 15.4% in the lowest C d  concentration groups; 
no lung cancer in the co~ t ro l  group). Histopathologically, 
such typical lung !urnon as epidermoid carcinomas, ade- 
nocarcinomas, combined epidcrmoid carcinomas and ade- 
nocarcinomas, and mucoepidermoid carcinomas were ob- 
served. Several animals showed metastases or invasion to 
other organs. . 

Our success in demonstrating Cd carcinogenicity might 
be due to the following two reasons: 1) We chose long-term 
inhalation with CdC12 aerosols. Most of the other long-term 
studies were performed by use of parenteral injections or 
peroral administrarion. At the e n d  of our experiment (13 
mo after the cessation of the inhalation), the retained Cd 
contents in the lungs were still relatively high. Probably, a 
relationship exists bctwecn Cd retention in the lungs and its 
carcinogenicity. 2) The animals were continuously observed 
for a Ions period (31 mo). In the group exposed to 50 pg 
Cd/m3, the first lung carcinomas were noticed 23 months 
after thc beginning of the cxpcriment. During the following 
4 months we found no luns carcinomas; howcvcr, after the 
27th month 23 lung carcinon~as occurred, which means an 

incidence of more than 90% (only 2/25 examined rats were 
negative). If we had killed the animals before the 27th 
month, we would surely have detected initial stages of lung 
cancer, but not so many macroscopically and microscopi. 
cally clear tumors. 

As for parenteral or peroral administration of Cd, the 
kidney has already been proved to bc the critical organ. I t  
is estimated that a cortical Cd concentration of 200 pg/g 
wet weight might cause tubular dysfunction (17). In our 
experiment the averagc Cd concentration in the entire 
kidney of rats cxposed to 50 pg Cd/m3 amounted to 34 pg/ 

I 
CdClz-exposed groups had chronic nephrosis-obviously 2n 

I g wet weight. Most o f the  animals in both the control and 

age-dependent change. 
The results of this experiment demonstrate rhat expos!:: 

to CdClz aerosols can cause lung carcinomas. It will no!? LC 
necessary lo investigate rhe pathogenesis of this lung canccr 
and to evaluate the critical or lowest Cd concentration that 
induces lung tumors. 

- I 
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Lon dusr' c ; l r c i n o g e n i c  risk e s t i m a t i o n  i s  achieved by  I~:.II~IS:::.' i r : . t l  .nods,ltny 

which ; l t tempts t o  c h a r a c t e r i z e  an unknown r e l a t i o n s h i ; .  3e:urc:: cxposdr'e and 

t h e  p r o b a b i l i t y  of r e sponse  o r  t o  p l a c e  an upper bound r.:: t,nat p r o b a b i l i t y  

f o r  a  given exposure. S ince  t h i s  r e l a t i o n s h i p  c a n n o t  be b b s e r r e d  a t  low 

d o s e s ,  t h e  models a r e  f i t t e d  t o  d a t a  observed a t  h igher  doses ( g e n e r a l l y  by 

e s t i m a t i n g  t h e  model's parameters  us ing  maximum likelihood or  o t h e r  s t a t i s -  

t i c a l  m e t h o d s ) .  E x t r a p o l a t i n g  t h e  f i t t e d  eqda t ion  t o  low doses y ic lds  t h e  

e s t ima ted  r i s k .  

The  t w o  g e n e r a l  c l a s s e s  of  m o d e l s  a r e ;  t o l e r a n c e  d i s t r i b u t i o n  and  

mechanis t ic .  Both t y p e s  of mode l s  a r e  used  t o  f i t  dichot0moi;s r e s p o n s e  

d a t a :  c a n c e r  v s .  n o  c a n c e r .  Each model d e s c r i b e s ' t h e  p r o b a b i l i t y  of a  

p o s i t i v e  response ,  a l s o  termed t h e  *, a s  a  mathem.;.tica? f i inc t ion  of d o s e  

d ,  d e n o t e d  P ( r e s p o n s e  g i v e n  d )  o r  more s i m p l y  P ( d ) .  Any model c a n  be  

modif ied t o  i n c o r p o r a t e  time a s  a  p r e d i c t o r  v a r i a b l e ,  i .e .  a  t ime- to- tumor  

o r  t e m p o r a l  model d e s c r i b e s  t h e  p r o b a b i l i t y  of a p o s i t i v e  response  a s  a  

f u n c t i o n  of both time a n d  d o s e ,  P ( r e s p o n s e  a t  o r  c e f o r e  t i n e  t g i v e n  d )  

a g a i n  a b b r e v i a t e d  P ( d , t ) .  Note t h a t  P(d)  and P ( d , t )  i nc lude  t h e  backgrodnd 

r a t e s ;  they a r e  not  t h e  excess  p r o b a b i l i t y  of cancer  d d v  t o  t h b  a g e n t ,  b u t  - 
comprise t h e  t o t a l  r i s k .  

Tolkrdnce d i s t r i b u t i o n  models a r e  based on t h e  concl:;Jt t , t~at  e ~ c h  i n d i v i d d a l  

ha s  a t o l e r a n c e  o r  th resho ld  l e v e l ,  above which a response occ*:;. For cach 

rcorlel, t h e  v a r i a b i l i t y  i n  t h r e s h o l d  l e v e l s  monK in(livirlua1s i n  t h e  popu la -  

t i o n  i 3  descGibed by a  p r o b a b i l i t y  d i s t r i b u t i o n .  



M e c h d n i s t i c  m o d e l s  a r e  t i a s e d  o n  a  p r e s u m e d  b i o l o c i  c a l  n e c h a n i  sn 01' * 
c a r c i n o g e n e s i s .  T h e s e  models  assume t h a t  a t m o r  o r i g i n a t e s  from a s i n g l e  

C e l l  damaged by e i t h e r  t h e  a g e n t  o r  i ts m e t a b o l i t e s ,  

F o r  p u r p o s e s  o f  r i s k  a s s e s s m e n t ,  " t i m e - t o - t u m o r * 1  o r  t empora l  models a r e  

g e n e r a l l y  m o d i f i c a t i o n s  of m e c h a n i s t i c  models.  For e x a m p l e ,  t h e  A r m i t a g e -  

D o l l  o r  m i i l t i s t a g e  model h a s  been m o d i f i e d  t o  i n c l u d e  a  Weibu l l  f u n c t i o n  of 

t i m e ,  r e f e r r e d  t o  i n  DHS d o c u n e n t s  a s  t h e  "Weibu l l i zed"  m u l t i s t a g e  model. 

1 .  P r o b i t  model 

T h i s  model assiunes t h a t  t h e  s e n s i t i v i t i e s  of i n d i v i d u a l s  i n  t h e  popdla-  

t i o n  f o l l o w  a  n o r m a l  d i s t r i b u t i o n  when p l o t t e d  a g a i n s t  t h e  l o g  of  t h e  

dose .  Thus t h e  p r o b i t  f u n c t i o n  i s  a  t o l e r a n c e  d i s t r i b u t i o n  model w3ich 

p r e d i c t s  t h a t  t h e  p r o b a b i l i t y  of c a n c e r  can  be r e p r e s e n t e d  a s :  

w h e r e  O ( x )  = ~ : ( 2 n )  -'I2 e x p ( - u z / 2 ) d u ,  t h e  c v n u l a t i v e  s t a n d a r d  normal 

d i s t r i b u t i o n .  

2. L o g i s t i c  model o r  l o g i t  model - 

T h i s  model a s s o c i a t e s  t h e  l o g  of t h e  odds ( - P  ( r e s p o n s e ]  /P (no r e s p o n s e ) )  

o f  a c a r c i n o g e n i c  r e s p o n s e  w i t h  a  l i n e a r  f d n c t i o n  i n  t h e  l o g  o f  t h e  

dose .  The n a t i r a l  l o g  ( I n )  o f  t h e  o d d s  i s  known a s  t h e  l o g ~ t .  The e 
e q i i a t i o n  f o r  t h i s  model i n  t e r m s  of t h e  l o g i t  i s :  

[I-? 



P ( d )  In ---- - a  + b l o g  d 1-P(d)  

where l o g  can r e p r e s e n t  t h e  logar i thm base 10 o r  base e .  

The e q u i v a l e n t  r e l a t i o n s h i p  i n  te rms of r i s k  is: 

which has no mechan i s t i c  b a s i s  i n  c a r c i n o g e n e s i s  and  i s  t h e r e f o r e  a  

t o l e r a n c e  d l s t r i  but ion  model. 

3. One h i t  model 

The m e c h a n i s t i c  i n t e r p r e t a t i o n  of t h i s  model s t a t e s  t h a t  one i n te rac -  

t i o n  between a  m o l e c u l e  of t h e  c a r c i n o g e n i c  a g e n t  and t h e  D N A  i n  a  

s i n g l e  c e l l ,  i s  s u f f i c i e n t  t o  i n d ~ c e  cancer .  This  i n t e r a c t i o n  can be 

viewed a s  a s i n g l e  q q h i t q q .  The s t a t i s t i c a l  d e s c r i p t i o n  s t a t e s  t h a t  i n  

t h i s  mode l ,  t o l e r a n c e s  a r e  p r o p o r t i o n a l  t o  an exponent ia l  d e n s i t y  i n  

some l i n e a r  f u n c t i o n  of dose: 

P ( d )  - 1 - exp  [ - ( a  + b d ) ]  w i t h  c o n s t r a i n t s  a?O, b>O. A t  low 

doses t h e  r i s k  is l i n e a r  i n  dose 1.e . :  

P(d)  - a  + bd. 

Thus, P(d)-P(0)  - bd is  t h e  excess  ; r o b a b i l i t y  of cancer .  



A s  i n d i u ; ~ t $ , d  L,el;j., LI.,.: ; : , c  t h r e e  m o d t l s  which r e d d c e  Lo t h c  otic-!,i!. flD 
model f o r  c c r L a i n  v ;~ l ; i , : j  of  t h e i r  p a r a m e t e r s :  t h e  gamma m d l t i h i t  

mode l  , t l i e  m u l t i s t a g e  model ,  and  t h e  Wei b; l l  model. I n  most  i n s t a n c e s  

t h e  o n e - h i t  model g e n e r o t , o s  t h e  h i g h e s t  r i sk  l e v e l  f o r  a  g i v e n  l o w  

d o s e ,  when c o m p a r e d  t o  o t h e r  m o d e l s ,  b u t  t h i s  w i l l  n o t  h o l d  f o r  a l l  

c a s e s .  For i n s t a n c e ,  if t h e  s l o p e  o f  t h e  d o s e  r e s p o n s e  c u r v e  r i s e s  

s t e e p l y  t h r o u g h  most  of the o b s e r v e d  d o s e  r a n g e ,  t h e  Weibu l l  and  m o l t i -  

h i t  models  w i l l  f i t  a  s i l p r a l i n e a r  c u r v e  a t  low d o s e s ,  p r e d i c t i n g  h i g h e r  

r isks  t h a n  t h e  o n e - h i t  model  p r e d i c t s  (Van Ryzin 1980, Van Ryzin and 

Rai 1980, Van Ryzin 1982) .  

4 .  M u l t i s t a g e  moael -- 

T h i s  model is a  g e n e r a l i z a t i o n  o f  t h e  one-h i t  model. For c a n c e r  inddc-  
@, 

t i o n  t o  o c c d r ,  a  c e l l  m a s t  r indergo a  s e r i e s  of h e r i t a b l e  c h a n g e s ,  i n  

which e a c h  change o r  s t a g e  i s  a  p r e r e q u i s i t e  f o r  t h e  n e x t .  I f  t h e r e  

a r e  k s t a g e s  a n d  i f  e a c h  d o s e - d e p e n d e n t  c h a n g e  o c c u r s  a s  a  l i n e a r  

f u n c t i o n  of  d o s e ,  t h e  model can  be w r i t t e n  as: 

tc P ( d )  = 1 - exp[:,! ( a  + bid) ] .  
l = l  i 

T h i s  can  be w r i t t e n  i n  t h e  more g e n e r a l i z e d  form 

w i t h  qi?O f o r  a l l  i .  



When q i  - 0 f o r  a l l  i Z 2 ,  t t ~ c  ::.,!t.lstdgc model reduces t o  t h e  one-hiL 

model.  A t  low d o s e s ,  l owcr  order t e r m s  d o m i n a t e  and t h e  c u r v e  is 

e s s e n t i a l l y  l i n e a r  w i t h  P ( d )  - ( ] , a .  

5. Welbull model 

A Weibull d i s t r i b u t i o n  f u n c t i o n ,  a l s o  known a s  t h e  e x t r m e  v a l u e  f u n c -  

t i o n ,  models  t h e  p r o b a b i l i t y  of response i n  r e l a t i o n  t o  a  power of t h e  

independen t  v a r i a b l e .  T h i s  r e l a t i o n s h i p  i s  o n e  o f  d i r e c t  p r o p o r -  

t i o n a l i t y  ( t o  t h e  power  f u n c t i o n )  n e a r  z e r o .  When d o s e  i s  t h e  

p r e d i c t o r ,  t h e  model t akes  t h e  form: 

P(d) - 1 - exp-(adm) w i t h  m>o 

= 1 - exp[-exp(a+b i n  d l 1  where 'b-m-0 and a- ln  A .  

When m-1, t h e  Welbull model reduces  t o  t h e  one-hi t  model. When m > l  t h e  

low dose behavior is concave ( s u b l i n e a r ,  s l o p e  i n c r e a s i n g )  and when m<l 

t h e  low dose behavior i s  convex ( s d p r a l i n e a r ,  s l o p e  decreas ing) .  



The  gamma m u l t i h i t  model i s  a l s o  a  g e n e r a l i z a t i o r l  of t h e  o n e - h i t  model 

where c a r c i n o g e n e s i s  r e s u l t s  f rom a  s u f f i c i e n t  ndnber ,  o r  F,  " h i t s "  i n  

a  s i n g l e  c e l l  w i t h i n  a  s p e c i f i c  time p e r i o d .  I f  t h e  nmbe: ,  of h i t s  

f o l l o w s  a P o i s s o n  d i s t r i b u t i o n ,  t h e n  t h e  p r o b a b i l i t y  of s u f f i c i e n t  h i t s  

( b d ) X  e-bd 
t o  i n d u c e  c a r c i n o g e n e s i s  is: P ( d )  m x g k  which can  be shown x ! 

t o  e q u a l  ~ ( d )  -xjt x  
k-le-x 

(k-I ! 

I n  p r a c t i c e ,  t h i s  model Is e x t e n d e d  t o  i n c l u d e  n o n - i n t e g e r  v a l u e s  of k ,  

k-1 - x  
dx i n  which c a s e  P ( d )  - X r ( k )  

where  r ( k )  is  t h e  gamma f u n c t i o n :  

f o r  a l l  k>0 

f o r  k  a  p o s i t i v e  i n t e g e r .  

When k  t a k e s  n o n i n t e g r a l  v a l u e s ,  however ,  t h e  m e c h a n i s t i c  i n t e r p r e t a -  

t i o n  no l o n g e r  a p p l i e s .  

The s t a t i s t i c a l  d e s c r i p t i o n  o f  t h i s  model s t a t e s  t h a t  t o l e r a n c e s  f o l l o w  

- 1 
a  gamma b i s t r i b d t i o n  w l t h  p a r a m e t e r s  ( b d )  a n d  k .  When k = 1 ,  t h e  

m d l t i h i t  model r e d u c e s  t o  t h e  o n e - h i t  model. When k21 tlhe s l o p e  a t  low. 



doses  is  an i r~cre ; rs lng  frir~ctio!~, arid wtlcn k c 1  thc! low duse s ~ , , , , ~ :  , ;, ,, 

As descr ibed .  one can model t h e  p r o b a b i l i t y  of a p o s i t i v e  r e sponse  as id 

f u n c t i o n  of both t ime and dose when P ( d , t )  - P(response  b e f o r e  t i m e  t ,  

given dose  d l .  One procedure i s  t o  modify a mechan i s t i c  model: 

where  f ( d )  c a n  be any d o s e  r e s p o n s e  model and g ( t )  is a f u n c t i o n  of' 

time. The DHS has used a modi f i ca t ion  of t h e  m d l t i s t a g e  model: 

which, a t  low doses ,  reduces t o  t h e  form 

P ( d , t )  - qid ( t - t e )  where te is t h e  e s t ima ted  l a t e n c y  t ime.  

h 
S i n c e  a Welbull f u n c t i o n  of time v o d d  be exp( - t  ). t h e  above model f o r  

P ( d , t )  has  been termed a W e i b u l l i t e d ~ m d l t i s t a g e  model. 

The t h e o r e t i c a l  b a s i s  f o r  us ing  t h e  Weibdl l  f u n c t i o n  o f  t i m e  l i e s  i n  

t h e  o b s e r v a t i o n  o f  Armi tage  and Doll r epor t ed  i n  t h e i r  now c l a s n i p ; ~ l  

paper of 1954, t h a t  t h e  i n c r e a s e  i n  cancer inc idence  over  a l i f e t i m e  is  

p ropor t iona l  t o  the  s i x t h  o r  seventh  power of age,  o r  time s i n c e  b i r t h .  



I t  s h o d l d  be note,! t h a t  "L;:.: -;a-t;roor" i n  a misnomer. I t  is t h e  time:; 

- t o - d e a t h  w , i t l ~  Ldmur which a r c  o b s e r v e d .  I n  p r a c t i c e ,  t h e  a d v a n t a g e  of 

a 
u s l n g  t ime-dependent  models  is  ( : r e a t e s t  when t h e  v a r i a t i o n  i n  s u r v i v a l  

times i s  l a r g e .  S i n c e  a n i m a l  e x p e r i m e n t s  u s u a l l y  e n d  y i t h  t e r m i n a l  

s a c r i f i c e  of a  l a r g e  p r o p o r t i o n  of t h e  t e s t  a n i m a l s ,  t h e  a c t u a l  s u r -  

v i v a l  t i m e  of m o s t  a n i m a l s  i s  n o t  o b s e r v e d ,  a n d  t h e  a d v a n t a g e  i n  

mode l ing  P ( d , t )  i s  s m a l l .  



T h e o r e t i c a l l y ,  a  model which bes t  describes the blologlcdl pr'ucus.it,S would 

be the  model of choice. However, ne i ther  cance r  induc t1011 and promotion, 

nor  d e t o x l f  i c a t i o n  and DNA r epa i r  mechanisms a r e  drlderstood well enough t o  

provide an e x p l i c i t  form f o r  a  mathematical cdrve  r e l a t i n g  dose  t o  cance r  

r i s k .  Empi r i ca l ly ,  s e v e r a l  d l f f e r e n t  models can be f i t t e d  t o  most data  

s e t s ,  and i t  i s  u n l i k e l y  t h a t  f u r t h e r  exper imentat lor . .  even v l t h  l a r g e  

groups of animals, w i l l  decisively discrminate between possible models. 

The choice of mathematical models t o  represent  dose-response r e l a t i o n s h i p s  

t h e r e f o r e  i nvo lves  a  s u b s t a n t i a l  element of s c i e n t i f  i c  jildgement. The 

considerations f o r  developing o r  s e l ec t ing  a  r i sk  model appropria te  f o r  low 

dose extrapolat ion include: biologic p l a u s i b i l i t y ,  s ens i t i v i t y  t o  the  sha?e 

of the observed dose-response r e l a t i onsh ip ,  t he  degree of l i n e n r i t y  i n  t h e  

low d o s e  r e g i o n ,  i n t e r p r e t a b i l i t y  o f  t h e  e s t i m a t e d  pa rame te r s ,  and 

f l e x i b i l i t y  t o  take account of survival  var ia t ion.  The r e l a t i v e  importance 

of these considerations depends on the s p e c i f i c  data s e t s  avai lable .  

The use of mechanistic models r a t h e r  than  t o l e r a n c e  d l  s t r i  b u t  ion models 

r e f l e c t s  an e f f o r t  t o  u t i l i z e  as  f u l l y  a s  possible the  c.mrant krloi;ledt..? on 

carcinogenic processes. Frcm t h i s  point of view, the  s t a f f  of DHS considers 

t h e  p r o b i t  and l o g i s t i c  models the l e a s t  appropriate choices for  low dose 

extrapolat ion,  and the mechanistic models the most bio?ogically plaosible .  



!-cec;i,:rc . I  a ! '  of '  !)I!:: n t t m p t s  t o  p r o v i d e  h e a l t h  c o n s e r v a t i v e  e s t i n i a t t s  

ol' 10s 1?0.:,' f r i s k ,  we f r c q ~ e r i t l y  r e l y  o n  t h e  m a l t i s t a t . , e  m o d e l .  T h i s  i s  

b e c a u s ' e  i ) i t  i s  somewhat more  f l e x i b l e  t h a n  t h e  o n e - h i t .  2)  i t  can  f l t  a  

v a r i e t y  of e m p i r i c a l  d a t a  s e t s  r e a s o n a b l y  w e l l ,  3 )  i t  h a s  ,a p l a u s i b l e  

b i o l o g i c a l  b a s i s ,  and  4 )  i t  has  t h e  advan tage  o v e r  o t h e r  m e c h a n i s t i c  models  

of h r i n ~  r s s e n t i a l l y  l i n e a r  a t  low d o s e s .  
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Mortality Among a Cohort of U.S. Cadmium 
Production Workers-an Update ' 
- 
Micheal J. Thun, M.D., M.S., 2 Teresa M. Schnorr, Ph.D., Alexander Blair Smith, M.D., M.S., 
William E. Halperin, M.D., M:P.H., and Richard A. Lemen, M.S. 2.3 

ABSTRACT-A previous retrospective mortality study of 292 US. 
cadmium production workers employed for a minimum of 2 year3 
Showed increased mortality from respiratory and prostate cancer 
and from nonmalignant lung disease. To examine further the 
mortality experience of these workers, Investigators from the 
National Institute for Occupational Safety and Health extended the 
study l o  include 602 white males with at least 6 months of 

: production work in the same plant between 1940 and 1969. Vital 
status was determined through 1978, which Included the addltion of 
5 years to the original follow-up. Cause-specific mortality rates for 
seven causes ol  death potentially related to cadmium exposure 
were compared between the overall cohort and U.S. white males 
and between subgroups. Mortaiity from respiratory cancer and from 
nonmalignant gastrointestinal disease was significantly greater 
among the cadmium workers than would have been expected from 
U.S. rates. All deaths from lung cancer occurred among workers 
~mployed for 2 or more years. A statistically significant dose- 
response relationship was ObseNed between lung cancer mortality 
and cumulative exposure to cadmium. A 50% Increase in lung 
cancer mortality, which was not statistically significant, was 
observed even among workers whose cumulative exposure to 
.admiurn was between 41 and 200 #g/m3 over 40 years. Since the .: revious investigation, no new deaths from prostate cancer and no 

oxcess of deaths from nonmalignant respiratory disease have been 
observed.-JNCI 1985; 74:325-333. 

In 1976, Lemen et al. ( I )  published the results of a 
study on cancer mortality among cadmium production 
workers at a U.S. cadmium recovery plant. Using 
national white male rates for comparison, Lemen et al. 
reported a statistically significant excess of deaths from 
respiratory cancer (Obs= 12; SMR=235), from nonmalig- 
nant respiratory disease (Obs=8; SMR=159), and, 
among workers with 20 or more years since first employ- 
ment, from prostate cancer (Obsz4; SMRz452). The  
Lemen study included only hourly workers employed for . , 2  or more years between January 1, 1940, and December 
3 1 ,  1969, and followed these workers through 1973. 

A number of previous epidemiologic and experimental 
studies had suggested that cadmium might cause cancer 
of the prostate. Two occupational reports (2,3) described 
excess mortality from prostate cancer among cadmium 
workers at a small British alkaline battery plant. Cad- 
mium, like zinc, is known to concentrate in the prostate 
gland (4-2). Numerous toxicologic studies (6-13) have 
shown that injection of cadmium metal or salts into 
laboratory rats produces sarcomas locally and more 
distant interstitial cell tumors of the testes. On the basis 
of thesr findings, the IARC (14) concluded in 1976 that 
"oct:upational exposure to cadmium in some form 

(possibly the oxide) increases the risk of prostate cancer 
in man." Substantial controversy continues, however, 
and although several subsequenv epidemiologic studies 
(15-18) have found increased mortality from prostate 
cancer among occupational groups, other studies (19-21 ) 
have not. 

Still more controversial is the possible relationship 
between cadmium and lung cancer. At the time of the 
IARC working committee, only the Lemen et al. ( I )  study 
had found excess mortality from respiratory cancer. 
Interpretation of that study was complicated because 
some of the long-term workers in the cohort also had 
been exposed to arsenic during the 1920's when the plant 
functioned as an  arsenic smelter. Concern about the 
potential carcinogenicity of cadmium t o  the lung has 
increased, however, due to recent animal data. Takenaka 
et al. (22) exposed rats continuously to cadmium chloride 
aerosol and found a dose-dependent increase in lung 
tumors at exposure levels well within the current 
occupational limit. 

Because of continuing concern about the effects of 
chronic cadmium exposure on mortality, NIOSH has 
extended the follow-up of the cohort first described by 
Lemen et al. (I). The  present report describes the 
mortality experience of the group through 5 additional 
years of observation, ending December 31. 1978. In 

AHHRLvIA'rIoNS 11sLn: CI=conlidenceinterval; Exp=expected; HIS= 
Health Interview Survey: IARC= International Agency for Research on 
Cancer; ICD=lnternational Classification of Disease; NIOSH-Na. 
tional Instilute lor Occupational Safety and Health; NMGID=non- 
malipnant gastrointestinal disease; Obs=obrerved; OSHA=Occupa- 
tional Safety and Health Administratiol~; PEL=permirrlblc exposure 
limit; PY=person.ycars; PYAR=PY at risk of dying; SMR=standard. 
ized mortality. ratio(s); SRR=standardized rate ratio(s); TWA=time- 
weighted uverage. 

' Received April 16. 1984; accepted August 20. 1984. 
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i l ~ n i i  11rorrssit1g ol~c'rittions I I I I .S I I I I  I 111 

1!12!1, I I I C  p t i r~tary  IIIIIC:I~IIII of tlic ~ > I ; I I I ~  fin I I I < J I ~ ,  ! I I , I I I  .-)I) 
year\ 1111s bec-n to  rr~covcr c.:tdmium and ;I r11111ibr1 1 1 1  ( 1111 t t 1  

trdcr rrlrtals from "bas  liousc" dust, ;I I I ) - I ) I I I L I L I <  I of 11,;1d 
smelling. l ' l ~ e  f ;~c i l i~y  is unrrsual in 1lavi11~ a ~ > ~ ~ ~ l ~ r r l g c ~ ~ l  
period olol) r ra t ion,  with \vorkcrscs~~osed ] ~ r ( ~ d o ~ n ~ n a r l l l y  
11.1 ( x ~ d ~ n i t ~ ~ n .  

1'11r industrial process r ~ c e n ~ l y  xvas drsc ~il~rc! 1 1 )  S l n i ~ l ~  
et ;11. ( 2 3 ) .  Cidnlit1111 r111t.r~ ~ ~ ~ I ~ I c I ~ c ) I I  ~ ~ r i ~ i ~ i l ~ . ~ l l v  : I \  
c:a(lrnit~~n oxide dust ( ; isglo~nc,r;~~rtl  futnrl .  In :I rc.1 ir5 o f  
10 l~hysic ;~l ly  isolated \\,ark are;lc, it is ~o :~s tc .~ l .  ~n i s ix l  
with acid lo  form a cake, calcined, dissol\rd in  \ \ ta t l ,~ .  
rrcnvrred electrolytically, and treated I I I I I I I P ~  10 I J I O ~ L I C '  

cadir l iu~n oxide. 1ne1;11, o r  yrllo\c cad ln iun~  11igrn~.tit. Air- 
moni lor ing data rollrclrd hy the rom1,aliy f ~ o m  1111. 

1910's l o  ~ l r c  p r r s e n ~  silo\\, 11131 esposurt's ililfr~ sub- 
stantially arnnng drl,;~runrnls and over ~ i lnc .  Lhl~osurt.s 
11a1.e decreased ovrr  time d u r  11, 111c in trod^< lion of 
ventilation controls and to a rn;~ndatory ~ r s p i r : ~ t < ~ r  
program introduced ill tlie 1940's. ~1111111 1.1 i l l .  ( 2 3 )  
rstimaled llle inllalalior~ esposures illat o ( ( ~ ~ t r r d  i l l  

v;iriot~s d r p a r ~ ~ n r r ~ ~ s  (t ;~l>lr I ) ,  '1.11cse c\tiln:~tcs \ > [ , I C ,  I).t>t,il 

L I I V I I I  l l i s ~ ( ~ r i c ; ~ l  are;) r i l < ~ n i t o r i ~ ~ $  < I : I I ~ .  a ~ I j 1 1 ~ t v ~ 1  I C I  1<,1'Iect 
t11c .  a<-t~!al eslx)surrs o f  \vnrkers wearing ~ r s l ~ i r i t ~ i l ~ s  ( 2 4 ) .  
, l r<~a-s ;~mpl ing  data \vrrr lirst : idjus~rd ((I r c . f I ~ ~  prrsollal 
sampling,  based or1 the mt io  b r ~ w e ~ n  ;rrib:i s a n ~ p l e s  nrld 
prrsonal exposure ~nc~asurements Iro111 1973 111 I!li(i. For 
tllose d e p a r t m e n ~ s  a n d  ralrndar prri(xls in h.IlirI1 \\,ork(.rs 
\r,orc respirators, tllc rstilnates 111 p e r s o ~ ~ a l  V S ~ > I I S ~ I I .  !ciSrc 
divided by 3.9, tile g r o ~ n r ~ r i c  inc.;~n t r s p i ~ a ~ o r  I I I ( J I V C  ti011 
Ittcfnr measured in a survcy at  t l ~ i c  p l ; ~ r ~ t  it1 l9i(i (24).  

Also rcllecting i.xposur(. are measu~t-mrnts  01 u r i l ~ e  
catlmiunl wtliich tllr company o b ~ a i n c d  ;lrricldicJlly 011 

I I O I I I I J < . I  01 ~1111ples for !nos( o r  (111c.dii11l I 2 
s . ~ t ~ ~ ~ ~ l t ~ s ~ ' l ~ ~ ~ r s o r ~ ;  r;~rtge, 0-79). 

Fc\\. (1;1t;1 a rc  available o n  e s l x ~ s t ~ r e s  <11111.r 111:111 

1 ; I ( ~ I I I I L I I ~ I  at  the s~ncl ter .  S11iaIl i]u;~~~titic!s of l ~ i g l ~ - l ) ~ ~ ~ i ~ y  
!cad, a r s e ~ ~ i r ,  thal l ium,  a n d  indium are 111.oclucrd s l ~ c ~ a d .  
i1;11ly by a few individ~tnls in  scsl>arate buildi~lgs.  S o ~ ~ r t .  
;rlst.~lic is evolved dur ing c a d ~ n i u l n  rrrnvery. t1r1 i r~dur -  
trial hygicwe sur\.ey co~~i luc ted  by KlOSH in 1973 lc1t11ic1 
0 . 3  : ~ n d  1.1 pg ; ~ r s c l i i r , ' n ~ ~  in  t l i r  pre-rnell ~ ~ ~ ) ; I I I I I ~ V I I I  

;111d 1 :I pg 21 S C I I ~ C / I I I ~  in  llle rt.tori dep;irt~ncnl ( 1  ). 'l.lle\c 
Irvels are substan~ial lg  belo\\, tlie rurrenl OSHr\ 10 
pS/'m' PEL time-weighted average. 

METHODS 

'l'llc stt~cly population was drfincd f ~ o m  e l n l > l ~ ~ y ~ n r ~ ~ t  
I~istorirs a s  recorded in  tile colnpnny ~,ersonllrl 111~~s. 
7'llcse rrcords cons is^ of a card lor r a r l ~  rniploy(.l* a1 
sllo\c tlie name,  date o f  birth,  soci;ll securi~!. 11111111 9 (since 1!l37), date of rniploymrnt,  date(s) o l  i n ~ e r r u p t i o ~  
J rmplo?ment ,  and ,  ill most cases, d t > l ~ a r ~ ~ n c n t  01 

~< , r~vr : t l  work area for eac l~  period of r lnploynlcn~.  'Ill(. 
records in r l t~ded  rrlired ; I I I ~  dccc~srcl as \VI>I I  ; I>  ;I< t i \ ?  
t i ~ l ~ y c  i\'e r t iumcrn~rd  all h o u ~ l y  cn~l~loyt.c*.i i ~ t t c l  

f ~ ~ r r m e r i  \ \ , l~o  had worked ;I minirnl r~n of 6 1no11ll1r in ;I 
production area of the plant be~\veen January I ,  1!).10. 
and 1)ecelnber 31. 1969. T h e  r e q u i r e n i r ~ ~ t  of protluctict~i. 
arc;! ~ m l ~ l o y ~ n e n t  excluded srvrral guards, off ice  workrrs. 
;in(! office :Irm janitors IVIIO II;ILI I J C ~ I I  incl~~clri l  in 111c 
1.~11ie11 i!t ;II. study (1 1. i r e  i11so i ~ ~ c l t ~ ~ f c ~ l  ~ J ~ I > ~ ~ I I ( . I I ~ I I I  ;IIV:I 

I~,rrmcti arid a t ~ u m b r r  of l;lb~,rrrs wlli~se r r c o ~ d \  I ~ ; I < I  
I ~ r r t ~  missing o r  wiiose employment his~or ies  tlatl 11rr11 
irl;~ccurately recorded .and u ~ h o  tlius Il;~d beell o r r ~ i ~ ~ r d  
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i from the Lemen cohort. NIOSH identified the cohort 
jointly with a representative from the company and 
reviewed the list with senior union officials. 

For each worker, cumulative exposure to cadmium was 
calculated according to length of employment and jobs 
within the plant. Because many of the personnel records 
specified general work categories rather than single 

artments, we categorized each period of a worker's :a 
loyment into one of 7 broadjob categories; e.g., 

category 1 included production work in any of 6 "high"- 
exposure departments, including sampling, roasting and 
bag house, mixing, calcine, foundry, and retort. Category 
2 included production work in the solution, tank house, 
and pigment departments. The  average exposure to 
airborne cadmium for each of these composite categories 
was calculated on the basis of the industrial hygiene data 
in table 1 (23), with each department contributing to a 
weighted aveiage according to the proportion of workers 
usually employed there. Each worker's cumulative expo- 
sure over time was computed as the sum of the number of 
days worked in a given job category multiplied by the 
average inhalation exposure of that category for the 
relevant time period. Cumulative exposure was expressed 

, in milligram days per cubic meter (mg-days/m3). 
The vital status of all workers in the cohort was 

determined as of December 31, 1978. Follow-up pro- 
cedures used the records ol  the Social Security Adminisaa- 
tion, of the state vital statistics offices, and of the 
company and union and direct telephoning. Death 
certificates were obtained for persons known to be 
deceased and were coded by a qualified nosologist 
according to the protocol of the ICD revision in effect at 
the time of death. The  codes were subsequently converted 
to the seventh revision codes for the analysis (25) .  Under 
he rules of this and subsequent revisions, cancer is coded a j the underlying cause of death if the immediatecause of 

death is "unmistakably a direct sequel of" the malignant 
discase. Deceased workers for whom no death certificate 

has yet been located were assumed dead on the date 
specified by the reporting agency, with cause of death 
unknown. Persons lost to follow-up were assumed to be 
alive-which might possibly result in overestimation of 
cause-specific expected deaths. 

The mortality experience of the cohort was analyzed 

I 
with the use of a modified life-table system developed by 
NIOSH (25). In this system, a worker accumulates PYAR 
upon completion of the eligibility period (in this study, 
a t  6 months of employment). T h e  PYAR are specific for 
5-year age groups, calendar periods, and years since first 
employment (latency). An expected number of deaths is 
calculated by multiplying U.S. white male death rates by 
the corresponding age and calendar-year PYAR cate- 
gories. The resultingquantities are summed over all ag.es 
and years to obtain the total expected numbers. The  
observed numbers of cause-specific deaths are compared 
with the numbers expected. The  ratio of observed-to- 
expected deaths multiplied by 100 is expressed as the 
SMR. 

In the initial analysis, in which mortality in the 
cadmium workers was compared to that of the general 
U.S. white male population, the causes for which excess 
mortality or morbidity were observed in previous studies 
of cadmium workers were considered a priori to be of 
particular interest. Those of central concern included 
deaths from prostate and lung cancers (1, 20) and from 
nonmalignant respiratory and renal diseases (6, 15, 16). 
Other conditions for which a priori concern has been 
raised include hypertension ( 6 , 2 6 )  and renal cancer (27). 
Mortality from NMGID also was examined because of 
the acute gastrointestinal toxicity of cadmium and 
because of reports of chronic gastritis and gastrointestinal 
ulceration (28-30). Although in each case cadmium is 
suspected of causing an excess of mortality, we present 
95% CI, corresponding to a two-sided alpha level of 0.05, 
throughout this paper. U1here the 95% Ci includes the 
null but the 90% does not, we present both. CI were 
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I(:I). 7 th  No, 01 ~Ienths 
Cause of death ~ ~ 1 1 1  !J5",? Cl revision Ohs Ex11 

Malignant neoplasm 140-I99 4 I 36.46 112 
Digestive system lG(tl.59 7 10.85 65 
Respiratory system 160-164 20 12.15 16.5 
Genitourinary tract 177-182 6 4.45 135 
Lymphatic and hematopoietic 200-205 3 3.37 89 

tissues 
Other unspecified neoplasms 5 5.64 89 

Diseases of the circulatory system: 400-468 56 85.68 65 . 
Heart disease 

Nonmalignant respiratory diseases 470-493. 16 10.37 154 
500-527 

Acute infections. influenza. 470-493 7 4.47 157 

0the'r respiratory diseases 
NMGlD 

AN other causes - 57 54.01 106 80-137 
All causes of death - 179 188.87 95 81-110 

Of the 6 deaths from genitourinary cancer, 1 was due to 
renal cancer (vs. 0.92 Exp), 2 to cancers of the bladder and 
other urinary organs (vs. 1.10 Exp), and 3 to prostate 
cancer (vs. 2.20 Exp). No new deaths from prostate cancer 
were observed since the Lemen et al. report (I). 

One of the original prostate cases was a plant guard 
3 was excluded from this cohort because he had not @ ked 6 months in a production area. Another deceased 

worker had prostate cancer listed as a contributing cause 
ot death but could not be included in this analysis 
because prostate cancer was not listed as the underlying 
cause of death. The  remaining 3 deaths from prostate 
cancer had occurred among workers with 2 or more years 
of employment and 20 or more years of observation (vs. 
1.41 Exp; SMR=213; 95% CI=44-622). 

Sixteen deaths occurred due to nonmalignant respira- 
tory disease: 7 of these involved workers employed for less 
than 2 years. The  death certificates of 3 workers men- 
tioned silicosis. Silica exposure may have occurred from 
work with refractory brick in furnace areas of the plant 
but is undocumented. One of the workers whose certifi- 
cate mentioned advanced silicosis had been employed for 
only I year, suggesting that the exposure had occurred 
elsewhere. 

We noted 9 deaths from NMGID, excluding cirrhosis. 
The  death certificates o f  6 of these suggested peptic ulcer 
disease. Most of the deaths from NMGID were of long- 
term employees, whereas 5 of the 6 deaths attributed to 
cirrhosis involved short-term workers. 

No excesses were noted for deaths attributable to 
hypertension (3 Obs; 3.22 Exp) or to nonmalignant renal 
disease ( I  Obs; 1.35 Exp). A single death certificate listed 
renal disease as the underlying cause of death [death had 

en due to acute nephritis (ICD code 590)], and 4 other 
r~ificates listed nonmalignant renal disease as a contrib- .: 

uting cause of death. No comparison rates were avail- 
able for analysis of these contributing causes of death. 

Arsenic Exposure 

Subst.antial arsenic exposure occurred throughout the 
plant during the years 1918-25 when the facility func- 
tioned as an  arsenic smelter. Because arsenic is a known 
risk factor for lung cancer (33), we stratified the cohort 
into workers employed before and those first employed 
on or after January I ,  1926. We then compared mortality 
from lung cancer among each of these subgroups with 
that of U.S. white males (table 4). Lung cancer mortality 
was significantly elevated among persons hired prior to 
January 1,1926. Among workers hued after that date, the 
excess of lung cancer deaths was statistically significant 
among workers employed for 2 or more years. When the 2 
initially miscoded deaths from lung cancer are excluded 
from this analysis, mortality from lung cancer remains 
statistically above that expected both for workers hired 
prior to 1926 (Obs=3; Expz0.56; 95% CI= 110-1565) and 
for workers with 2 or more years' employment who had 
been hired after 1926 (Obs=15; Exp=7.0; 95% CI= 
120-353). 

Mortality by Cumulative Exposure to  Cadmiums 

Tables 5 and 6 present data on mortality from lung 
cancer and NMGID in relation to cumulative exposure to 

No. of 
Worker employment status deaths SMR 95% CI 

Obs Exp 

Hired prior to January 1. 1926 4 0.56 714 195-1829 
Hired on or after January 1. 1926 

Overall cohort 16 10.87 147 84-239 
2 2  years employment 16 7.00 229 131-371 
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01 l1111g ( ; I I I ( ( , I  I I I ~ I I ~ I ~ ~ I V  ~ l i ~ l  I I O I  i ~ ~ ( ~ i ' i ~ r v  will1 I < . I I ~ I ~ I  of 
r r l ~ l ~ l r > y n l ( . ~ ~ l  I I C ~ I I I I I I  2 !I,;II*. I \ ' I I I ~ \ ~ I \  t~11111111y1~d f u r  0-9 
I 10-I!] yrilrs, ~ I I I ~  20 (11 I I I s I~c~ \vrd  
: ~ p l ~ ~ i ~ x i ~ ~ i i ~ ~ e l y  ~wic t ,  I I I V  I I I I I I I I I ~ I  of drallis l1~1n1 I L I I I ~  
cnlllrr a cxl~ectrt l  ~ I < I I I I  tilt. l:..S. r;clrs. 

0 1 1 l y  (j C I K I I I I S  ~ I O I I I  Xl1C;ll) ( 8 1  I . L I ~ I I * C I  ;1rnt111g 1v11rkcrs 
11iri-11 >i11cc 1!12ti. ,\ > ~ . ~ ~ i s t i < ; ~ I l y  \i,q11ifi1:1111 u11\\,:1r(i 1re11cI 
w8i1s r v i d t . ~ ~ ~  111 1 1 1 ~  Sl<R \ \ I I ~ I I  I I I ~ I ~ I ; I ~ ~ I )  fro111 XSlGll )  
IV;IS i ~ ~ i ; ~ I y n ~ l  by ( I I I I I ~ I ~ . I I I ~ ~ ~ ~ ~ ~ I ~ I ~ L I I ~ ~ ~ ~ I I I ~ I ~ = ~ , ~ ~ X  lo-'; 
1'=.01~1]. I 111 i l l ?  > I I I ; I I I  nurnhrr I c;lstSs of 
NA'lC;ll), I I I C Y ~ ,  I , S I ~ I ~ I ; I I C \  ; I I I .  I < , \ \  S I ~ I I I ?  ~ I I ; I I I  t1111sr fo! 
l u ~ ~ g  i ~ .  I I I I  : ~ l l i ~ i ~ : ~ l  I IC~IIIIS from NhlGII) 
o I I I  I 2 I i ~ I C  I .  If 
; ~ r b ~ v ~ i t ,  \VI . IC ,  I I I I I V ~ : I I ~ ~ \  I , >  SSl( ; l l ) ,  I I I I W  cl1?1111s \vt~~clcl 
in<l<.ilsr 1 1 r  I o 1 1  111or1.1li1y i t1  111e 11igI1- 
vxlx,surv, I O I I X . I ~ I I I I  ~ ~ I I ~ ~ ~ I I ~ I I I ~ I I I  suI)gro1111. 

I\ b i ~ n i l ; ~ r  :inalysis 0 1  r l r ; ~ ~ l ~ s  from I I ~ I I I ~ : I ~ ~ ~ I I : I ~ I ~  

r e s l ~ i r a ~ i ~ r y  disrasc \\.:IS not [~ r r fo rmrd ,  in:~srnucll a s  tllis 
stntly ~ O I I I I ~  110 s i ~ n i l i c ; ~ r l ~  (-x(.rss of cIea111f Iron) 111is 
causi. c i ~ l l r r  in the ovvrall c<11ior1 o r  nrnorlg tvorkvrs \\.ill1 
2 III lnolt, ~ L Y I I ~  111 V I I I I I ~ I I ~ I I ~ ~ I I [ .  ,\I) tssctass of tIr;1111s ~ I I  

111i\ G I I V X O ~ \  \ v ; I ~  ; I ~ I I J : ~ I C , I I I ,  1111\vrvcr, ;nnong 1\~1rkcrs 
c ~ n l ~ l o y r < l  IOI (i inonths I I I  L' yc.ilrs (Obs=8;  I:.sl1=3.2: 

SMK=2.10; 950b (:I= 108-.l!Il). 011v 111 111es1. il<.;~ll~r \\.a* 
a ru ib t~ tab le  to silicosis. 

DISCUSSION 

Tl~r  f i ~ ~ t l i ~ ~ g s o f  pri~icilxil ~ I I I L - ~ ~ S I  in t l ~ i s  S I I I L I ~  t\7crv I I I V  
incrrasrd 1nor1;llity lronl lullg I ; I I I C C I  ~ I I ~ I O I I ~  1+,i11hers 
I I ~  fo~  2 I r e  I S  I I ~ I C  ~ O S ~ . I ~ S I I I I I I S C  

r ~ ~ l a t i o ~ r s l ~ i p  bclwfrer~ lung  c;,nctsr m o r t a l i ~ y  : u ~ d  111rn11- 
lalive exposure to  cadmium. T l i ~ .  excess of inalignant 
rcspiiattrry disease. l l o ~ e d  previously in ~ l l i r  tollort  by 
I.rmen et  al. (!). Ii;~s c o ~ l ~ i n u r d  rluril~g Ole e x p ; ~ ~ i d c ~ d  
ol>scrvnlion period. Eight 11r1v d r ' ;~~ l l s  110111 I I I I I ~  ciinLrr 
I~iivr b ~ ( ~ 1 1  ide~i~ifiecl .  -1.11~ t x e s s  ctv:1111s frilri? res1jir;i. 
I i c e  a ~ k r s  I 2 I mol r  y<.;lla of 
e i n l ~ l o y n w ~ ~ t  c o n t i l ~ u r s  to b e s ~ a l i > ~ i ~ . a l l y  rignificant @ c:1scs=8: Esp=2.9.1; SlIR=272:  9.5Ok CI 117-536) 
~ l ~ e r n i o r r ,  bccai~st. n:~li~ln;il d ~ ~ t l i  r:ltr\ f o r  rrsl>ll, 
I ~ I  c~ver r s t ima~e  r r i  ( S I ; I ~ ~  I I I I  anti 
Drnvr! G ~ u ~ l t y )  rines by 10-2i06 (if). 111r 11>r.:t\111rtl i.s(v\s 
or Iitng c;illcer deaths ~ I I I < B I I S  I I I I I I ~ I  rrn(~lrn.<,c.s 
~xob; lbly  u n d e ~ t * s [ i ~ n n ~ c s  111c a(111;1l i ~ ~ ( ~ r , ; ~ r r .  

7'11~ obsrrvrd excess of rlc;~~lls f ~ o m  rrs l>i~atory c:lncrr 
c11uld be due  I O  a [rile caus:il rc.la~ionsliip brtwecll 
cadlnium a n d  l u n g  cancer, lo  b i ; ~ s  (111e rffrct o l  uncon-  
~ r u l l c d  c o ~ l f o u n d i ~ i g ) .  o r  tp rhance. C:isarc-l~e s n l u k i ~ ~ g  
:lnd t~xposurc  lo  ; ~ r a c ~ l i c  are I ~ . O  r s ~ t ; ~ t ~ c o u s  f;11 Iclrs \vhicll. 
i f  i ~ ~ l c t ~ ~ l t r ~ ~ l l r d  in tllc i~~ l ;~ lys i s .  ( O I I I ~  r x l ~ l i ~ i r ~  OIL, 111111- 
ings. A l ~ l i o u g I ~  t i  I S I I I  I l i t  I tllcyr 
cadrniurn workers Ivere nor i-ec~~rdcrl a1 111c Iilne of 
r~r~l ' loymenr ,  company reprrsenrativrs did collrl I inf l~r-  
~ r i ; ~ t i i ~ n  o n  1x1~1 ~obacct,  usc I I ~  n l ; ~ i l i n ~  a c l ~ l r s ~ i r ~ ~ ~ l ~ a i r r  11) 

I I I I I S  I I I 1 I 3 Inlrrviv\v\ w i ~ h  
;1111xoxirnatrly 70% I I I  ssl~rv~vots 111 nrxl of kill r l~ r~ t \ , r c l  
III ;II  77.5% of ~ I I I I S C  ~ { I I  \ ~ I I O I I I  ~ I I ~ # I I I I I : I I ~ ( I I I  \<as g ; i l I ~ t ~ r t ~ ~ l  
\ ~ I , I V  n1rr1.111 or lorn~c,r S I I I I I ~ < . I S .  ' l l ~ i \  ~ ~ I + V : I ~ I ~ I I < . I ~  I I ~  "1.v1.r 
sln<lh<.rs" rrsenlblrs 111~ 72.!J'!;, ~ I I , V ; I ~ ~ I ( I .  I I I I I V ~  ~ I I I ~ I I I I S  

L!,S. l t , l ~ i ~ v  ~ n a l r s ,  a ~ i -  20 I I ~  I I ~ I Y ,  i l l  111e l9li.'1 1115 ( 7 0 ) .  
.l'Ilr l9li5 1-11s is I I ~ I I I ~ I S  1111, III>SI sourlt- < ~ f  ~ I I ~ ~ I I ~ ~ I ~ I I I I  

1111 1!l15 stnokin!: Ilill~ils (11 1l11, gv11r1i11 [ ~ o l ~ ~ ~ l . l l i ~ l l l  du11114 
I I r i i ~ ~  I I I s l y  I I I l l l i i  
\ I I I V ~  # I ; I I ; I ,  I I I I < , < ; I I I  ~ , \ I ~ I I I ; I I I ,  I I I , ~ I ~ I ~ < Y  I I I I . C I  ~ I ~ \ [ I I < ~ I I , ~ I I ~ < I I I -  
; I I , , I \  I I ~ , , I V >  ~ I T I ~ ~ ~ I I ~  I , \  I I I , ,  ~ ; I < ~ I I ~ ~ I I I I I  N O I ~ C . I \  W I ~ I I I C !  
I I . I I ( ,  t # r l  I I I I I I :  , . I I I ( , . I  I I I O I I , I ~ I I S  ~ c . l . ~ l i \ l .  11,  

~ < . I I ( . I , I ~  ~ I C ~ ~ I I I ~ : I I ~ C , I I .  ( . I I I I I I ~ I I I . ~ I ~ < ~ I I \  t l ~ ~ v ~ ~ I ~ , l ) t ~ ~ I  I I \  i 

I T i )  ; I I I ~ !  I\I:III ; I I I I I  S1,i~i1.t\ I ; , \ ' I .  I I D I I I I , I I I I . I I  \r111i 



I t i ~  S I I O W  t l l i ~ t  I . V ~ I ~  :III ~ I S S I I I I I ~ I I  (lo~1111i11g 01 11le 
~)ro])orii~rtt of l~<!avy S I I I I J ~ C ~ S  will l 1 ~ 1 v r ~ r 1 1 1 y  a s~nal l  vffcrt 

I I V  1;1tt, ratio 11)r I I I I I ~  c,;ln~,rr; t , . ~ . ,  i f  10% of (II(- 
nit1111 workers s111<1kt*cl I I I O ~ V  11ii111 25 (.igitrettrs/~I;~y, e' 

i < ~ t n l r i ~ ~ . ~ ~ I  1 0  20% of t l ~ c  19(i.r~ wl~ite n~itle KC-neral 
~ ~ ~ l ' u l a t i o n ,  the ratr ratio would increase only 1.25-fold. 
' l ' l~us cigarette smoking alone is unlikely to account for 
tile twofold-to-threefold irlcrease in deaths from lung 
cancer observed among workers in this cohort who had 
had 2 or more years of employment. 

Substantial and widespread arsenic exposure occurred 
prior to 1926 when the plant operated as an  arsenic 
smelter. The  rate of lung cancer mortality among the 26 
workers employed before 1926 was nearly six times the 
U.S. rates. Even after 1925, a small and unspecified 
number of workers occasionally processed arsenic in one 
area of the plant. This was an  intermittent operation, 
apparently staffed by workers from the roasting area, and 
lasted into the 1930's. A second and continuing source of 
exposure involved workers in the sampling, mixing, 
roasting, and calcine furnace areas of the plant who were 
exposed to arsenic contamination from the incoming 
feed material. Only six industrial hygiene measurements 
were made in these areas before 1975. In 1950, airborne 
arsenic concentrations ranged from 300 to 700 pg/ms 
near the roasting and calcine furnaces. the areas of 
highest exposure. Measurements by the company and 
OSHA in 1979 show that arsenic exposures in these areas 
had decreased to about 100 pg/m3. Although air levels of 

'0 senic in this confined area were still 10 times higher 
an the legal OSHA threshold limit value of 10 pg/ms, 

-'actual personal exposures were lower due to respirator 
\:.age. One can estimate the number of lung cancer 
deaths potentially attributable to arsenic by assuming a )  
an average airborne arsenic exposure of 500 pg/ms in the 
"high-arsenic" work areas during the years of this study, 
b )  a respirator protection factor of 75% (similar to that 
a~sumed  for cadmium), and c )  an estimated 20% of PY of 
exposure spent in high-arsenic jobs, an estimate based on 
personnel i n d  b io lo~ ic  monitoring data. O n  the basis of 
ihese assumptions, the average airborne arsenic exposure 
of persons in this study would have been 25 pg/ms. 
Inasmuch as the 576 workers hired after 1926 were 
cmployed an averageof 3 years, they acquired 1,728 PY of 
exposure to 25 pg/m3. Such an exposure should result in 
nu more than 0.77 lung cancers, on  the basis of a risk 
assessment model for arsenic developed by the OSHA 
( 3 9 ) .  

Although the estimate of an  average air exposure to 
. nrseriic of 25 pg/m3 rests on several assumptions,, it is 

more likely to overestimate than to underestirnate actual 
exposures. Only a fraction of jobs in the high-arsenic 
areas involved exposures as high as those of the furnace 
areas. High-exposure jobs in the roaster area were 
freqnently staffed by entry-level workers, many of whom 
worked less than 6 months. These very short-term 
workers with hrief hut high exposure were excluded from 
the mortality study, yet they were included in our 
cstimate of 20% of PY of exposure spent in high-arsenic 
j In addition, urinary arsenic levels measured on 
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~ I I I  hers i l l  tllv his11 :~rsvnii ;Irc;as fro111 !!)ti0 1 1  l!)HO 
a r i d  I I g l t r  a lcvcl ~ O I I S ~ S I V I I ~  wit11 a11 
; I V I . I , ; I ~ ?  inl~:iI?cl iirseni~. < . ~ > ~ ~ ( ~ ~ r ~ t r ; t t i ~ r t ~  (11 l , l  wg,,n13 (f0). 
7'11t1s the ;tssum~rtir~n c r f  i t r l  ;tv?r;lgtd i i i l ~ ; t l ~ ~ c l  cor~ct~nlr ; l l i~r~~ 
of 123 pg/ n?' 125% of 500 pg/niJ) over tllese ye;~rs 

J 
overestimates the actual exposures by ninefold, more 
tlian co~npe~isating for the utlquantified l~igher expostrres 
during the early years. Arsenic alone does not appear to 
explain the observed excess of deaths from lung cancer. 

The  central finding of the study was the observed dose- 
response relationship between mor~ality from lung cancer 

l 
and cumulative exposure to cadmium. Previous epide- 
miologic studies of cadmium workers have had insuffi- 
cient industrial hygiene data to estimate cumulative 
exposure. The strong dose-response pattern observed in 
this study is consistent with a causal relationship 
between cadmium and lung cancer. It also suggests that 
the current OSHA occupational standard, limiting expo- 
sure to cadmium dust to 200 pg/m3, is inadequate to 
protect workers over a 40-year working lifetime. Workers 
whose cumulative exposure was below the 40-year equiva- 
lent of the NIOSH-recommended TWA of 40 pg/m3 
showed no excess.of lung cancer deaths, whereas workers 
whose cumulative exposure was within the current 
OSHA limit but above the NlOSH recommended limit 
showed a 50% excess in lung cancer deaths. 

The potential role of cadmium as a pulmonary 
carcinogen has gained biologic plausibility because of 
the experimental induction of lung cancei in rats 
exposed to cadmium chloride aerosol (22). Epidemiologic 
studies of mortality among cadmium workers in England 
and Sweden have, however, shown conflicting results. 
Sorahan and Waterhouse (18) found a statistically signifi- 
cant excess of deaths from respiratory cancer (Obsz89; 
Exp=70.2: SMR=127; 90% CI=106-151) in a cohort of 
3,023 English nickel-cadmium battery workers. A subset 
o f  these workers had been included in the earlier studies 
of Potts (2) and Kipling and Waterhouse (3). Although 
the authors observed a positive association between death 
from respiratory cancer and cumulative duration of 
employment in jobs with high or moderate exposure to 
cadmium, they noted that these workers also were 
exposed poten~ially to oxyacetylene welding fumes and 
lo nickel hydroxide dust. Holden (17) found a statistically 
significant excess of deaths from respiratory cancer 
(Obs=36; Exp=26.06: SMR= 138: 95% C1= 108-339) and 
from prostate cancer (Obs=8: Exp=S.OO; SMR=267; 
90% CI= 115-325) among 624 cadmium "vicinity" work- 
ers but not among 347 workers employed directly in 
manufacturing cadmium copper alloys. The vicinity 
workers were also exposed to arsenic. 

Armstrong and Kazantzis (19) ,  escluding the cohorts 
studied by Sorahan and Waterhouse (18) and Hoiden 
(17), recently described mortality among workers enrolled 
in the registry of English cadmium workers. A small. 

I 
statistically insignificant excess of deaths from respiratory 
cancer was evident in the overall cohort (Obs=199: 
Exl~185.6:  SXIK=I07; 95% CI=92-122). This marginal 
excess is consistent with itie results in our study, 
inasmurh as most of the workers ill the Armstrong cohort 

I 
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11.1<1 0 1 ~ 1 %  IIIIITIIII:II cy l vc t \ t l r g .  ~.~~IIII~IIIII. 1r.r\ 1l1.1r1 :l':r<tl 
1 1 1 ,  \ \ $ P I ~ I I .  1 1 1  111,. ;\1111~1111115 11111011 \$'rr1. II.I\\II~I.~I .I\ 
I III!:III\ ~.YII~\:<I.'' I l i g l ~  I.*IMIIII(. \\,in (II~IIIIIXI .I\ 

1 1 . 1 ~ 1 1 1 ~ ;  \volht.11 ,II lL.l\t I ~C:II ill :I jl111 111.11 0111 :IIII~I~II\ 

IIIII!;I.II n<ntl<l INVIIIII? :I ilrillt' (.:I~~III~~IIII Irv( ' I  (11 :11 11,:1>1 

I p l11t.1 l a ~ l l # ~ \ v i ~ ~ g  ~II~IIII~( (.YIIII\II~<'. III IIIII IIIIII~II. 
I I I If11 I n  t i  ;I~IIIIIIII I l)c,r.r~ 
IIII.:I\III~Y~ l1:1t1 ;I III~LI~~III II~~III' c a d n l i u n ~  o f  at  l v ; ~ r ~  20  
p g ,  I~ I< , I .  I,:V~,II ;IIIIIIII~ wnrkt!rs wit11 less t l ran  2 ye;~rs (11 
I*III~I~I~~IIII~III, ; t ~ ) ~ ~ ~ ~ ~ x i t ~ i a t e l y  30% h;id a 1nedi:111 uri11(- 

Iv\.I.I o f  20 p g / l i ~ r ~ .  011c mig-111 a rgue  tha t  in each o f  1111. 
c l ~ i t l v ~ i ~ i o l o g i c  studies ill w l ~ i c h  excess mor ta l i t y  I r o l ~ r  
l u l ~ g  I ;III(CI w i ~ s  SWII. 11111(:r o c c u p a t i ~ n a l  ~ x p o s t ~ r t - s  .SII(II 
.is , a r > c ~ ~ i c  I n i cke l  were present a n d  c o u l d  l iave  
r i ) n t r i l ~ t ~ ~ e d  i c r  the prob lem.  Unfor tunate ly ,  the p u b l i s h r d  
v r ~ s i o n s  of t l ~ese  sludies do not i n c l u d e  s ~ ~ f f i c i e n l  i n fo r .  
1natio11 OII the lcvc l  o f  exposure to e i ther  c a d m i u m  or lo 
o ther  met'l ls t o  prrmit assessment o f  t h i s  p rob lem.  

1111.rrahcd r l l o r t a l i t y  f r o m  NMGlD has not been re-  
p f w w d  prev i~) t l s ly  in associat ion w i t t i  c a d m i u m .  ingcsted 
c ; i~ l rn iu rn  i s  a severe gastro intest inal  i r r i r a n t  in m a n  ( 5 ,  
28). a1111 T s t ~ j i  et a l .  (29) a n d  Adams  et :11. (30)  have  
r o m m c n t e d  on thr f requent  observat ion o f  g a s t r i ~ i s  a ~ ~ c l  
gastro intest inal  u l ce ra t i on  among- ch ron i ca l l y  expos rd  
11crsonb. 111 our s tudy  w e  observed a 2.8-fold o v r r a l l  
i l lcrease in  deaths f r o m  NhlGID ( e x c l u d i n g  c i r rhosis ol 
the l i ve r )  a m o n g  workers  employed on or after January 1, 
1926. I)e;~th\ f r o m  these causes showed a general associ- 
I w i t h  l i r o l onged  employment .  Because NMGlD 
~ ~ r e v i o u s l y  has not been examined  systematical ly. w e  
v i ew  t h i s  f i n d i n g  as a hypothesis to b e  examined  f u r t l ~ e r  
in  f u t u r r  studies r n t l ~ e r  t han  as a de f i n i t i ve  conc lus io r~ .  

No ne\v deaths f r o m  prostate cancer have occurrecl i n  
th i s  coliort since r l l r  L e m e n  study ( I ) .  I n  add i t i on ,  I o f  
t l i ~  .I o r i g i n a l  cases was excluded f r o m  th i s  nna l \s is  
I)t .r ;~t irr 111 the reviscd d e f i n i t i o n  o f  the cohort .  l ' h e  
cxc ludcd  wo rke r  h a d  been emp loyed  lor 13 years as a 
g u a r d  w h o  p a t r o l l e d  t he  en t i re  p l a n t  b u t  a t  no t i m e  h a d  
~ m o r k r d  f o r  6 m o n t h s  in a p r o d u c t i o n  area. E x c l u s i o n  o f  
such  a wo rke r  is  to a cer ta in  ex ten t  arb i t rary.  Also.  
b t ~ a u s e  the sma l l  size a n d  short add i t i ona l  f o l l o w - u p  o f  
t l ~ i s  coho r t  has l o w  stat ist ical power ,  a n d  hecatlse 
prostatc c:ancer is  f r r quen t l y  a non fa ta l  disease i m p e r -  
fect ly s tud ied  b y  death cert i f icate data, w e  believe t ha t  t h e  
absence o l  n e w  cases d u r i n g  the 5 a d d i t i o n a l  years o f  
~ I W - u  weakens b u t  does not re lu te  the possib le 
a s \ ~ ~ r i a ~ i o ~ i  between c a d m i u m  a n d  prostate cancer. 

T i l e  presence o f  0n1y I death a u r i b u t c d  to  c l ~ r o t ~ i c  
r e r ~ a l  fa i lu re  is  i r t t r r e s ~ i r ~ g ,  i r ~ a s r n u c l ~  as caclrnium is ;I 
~I~,IH.II i ~ r l ) h r o t o x i n  a n d  because increasrd m o r l : ~ l i ~ y  
~I<~II I  C~IICIII~C 11c11Iui1is all<! ~ i e ~ ~ l ~ r o s i s  has 11c.1-11 III)I~Y~ 

;Ilnong S w e d i \ l ~  battcsry workers (15, 16) .  Tl~r. t l i f f r ~ r l r c e  
m a y  wc.ll l)e c l ~ i c  to loca l  cl i f ferenc~rs in r c ~ r o r d i ~ ~ g  (.rrl;~in 
ty11(*s o f  ~I~~<I~III;II~~II r111 <II:;I~II c v r t i f i ~ ~ ~ c * ~ .  '1'11~ <.CIIIIII:~I- 
i5011s in  o t ~ r  SIII~I~ twr[: 11:1sf~l IIIIOII IIII* IIII~CII~~II~ I;III\I.S 

of [1~ ;11 l t  , I I I~ 1 ~ 1 1 o r v  1111, [I:II;I lor ,I i ~ ~ < l i v i [ l ~ ~ : ~ l \  ((11 \~IIIIIII 
I<,II,II t l i v . ; ~ \ ~ ,  \<:I\ 1101rtl ;I\ :I I.I)IIII~~~III~II~ I;III$I,~I~ [I<,:IIII, 
IIII~,:I~I(.I~ IC.II;II IIIII(I~OII ~IL.(~I I~. I I I~~ i\ IIII~II.II~.I~IIII(~~! (111 

<1<..,111 , < . ~ ~ i l i , : ~ ! < ~ \ ,  1,\1.11 $VIIC.II 111t. I~~\I,:I\I. \(,I\ \IIIIIM i, IIII\ 
\~,\C.I,, I,, I,,<[IIIII. I I ~ t o t t i <  l ~ ~ ~ t ~ ~ i t ~ l i ~ ~ l ) \ i ~  ( 4 1  1. 
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Appendix D 

e 
The construction of life tables is described in detail by Chiang (1984). 

The abridged life table uses age intervals larger than one year (in this 

case, five-year age intervals). The data collected from vital statistics 

are: 

mi - annual death rate for age interval i 
Pi - annual lung cancer death rate for age interval i 

The life table is constructed by calculating the following: 

(1) The probability of dying in the ith age interval, given 

survival to the beginning of that interval: 

qi - 1-exp(-5*mi) 
(2) The probability of surviving the ith age interval, given . 

survival to the beginning of that interval: 

Pi - 1-qi 
(3) The cumulative probability of surviving to the beginning of 

the ith age interval: 

i-1 
ci - P1'P2"*Pi.1 - jgl Pj 

(4) The probability of dying of lung cancer in the ith interval, 

given survival to the beginning of that interval: 

pii - yi/mi)*qi 



(5) The unconditional probability of dying of lung canc'er in the 

ith interval, (i.e. not conditioned on surviving to the 

beginning of the interval) is 

p.ei ' ci 

( 6 )  The cumulative probability of dying of lung cancer through the 

end of the ith interval: 

f: C I ~  - p'el + + + p.eici- j-l p.ejcj 

The life table for an exposed population is constructed in an identical 

manner such that only the data for the age-specific lung cancer death rates 

are modified. (This also changes the age-specific overall death rates.) 

The lung cancer death rates (2 ) for an exposed population are derived by i 

adding the observed rates in an unexposed population to the excess rates 

predicted by the model. The overall death rates (mi) are obtained by adding 

the observed nonlung cancer death rates to the predicted lung cancer death 

rates. From these values, a new life table is constructed. 

The cumulative probability of a lung cancer death for the last age interval 

in an exposed 'population is then compared to the same probability in an 

unexposed population. The difference between the two is the excess lung 

cancer death rate due to exposure. 





TABLE D-lb 

LIFE TABLE FOR C A L I F  FEMALES 
BACKGROUND : LUIJG CACCER DEATHS 

0 3 5  AGE At.i:JU%!. DEATH R&TE 
AGE II.ITER\'A!- 
I TO 1+4 

PCSUZVIVAL  
TO 1+4 G I V E N  
SURVIVAL  TO I> 

C U N ~ ~ L A T I V E  ACWilAL LU:.IG 
PCSVRVIVAC Ckt:CER DEATH 
T O A S E I )  R A T E I ? J ( I , I + 4 )  

P<LUNG CANCER 
DEATH G I V E N  
S U R V I V h L  TO I1  

W4CCNDITIONAL 
PiLU?JC CAMCER 
DEATH, 

C U I ~ U L A T I V E  
PC!-lU<G CANCER 
DEATH 3 Y  I+4> 



TABLE 0-2a 

LIFE TABLE FI2.P CALIF IIAILES - CUII'JLATIVE DOSE - :I0 LAG 
CO?ISTAI:T EXPOSURE AT 1 tJG/CUBIC METER OF CA0XIU;l 

LUFIC CANCER DEATHS 

035 A65 C.3:--n:U.4!- CEATH RATE P(CVRV1VkL CURC~LATIVE kl2tJUAL LU:IG P€LUt<G CANCER UNCOtIDITlONAL 
AGE IIJTERI'AI TO r+4 c1v~r4 PESVWIVAL C~:CER DEATH DEATH G ~ V E N  PCLUIIG CANCER 
I TO I+4 SURVIVAL TO 1) TO AGE I? RATE I I 4  (10 I+4) SURVIVAL TO I? DEATH) 

0.0034558 0.582254 I. 00000 0.000C0000 0.0000000 0.0000@00 
0.0533318 0. 598342 0.92225 0.00000000 0. @OGOOOO 0.0000000 

3 10 0. ~533536 0. 978199 0. ?a123 ~ . o o o o ~ ~ o o  0.0000000 ~.ooooooo 
4 15 0.0.3153C3 0. 992358 ' 0.97947 0.00000000 0.0~00000 0.0000000 

0.6920493 0.589936 0.97198 0.00000000 0.0000000 0.0000000 
0. CO202.36 0.589948 0.96257 0.00000000 O.Oi)O@OOO 0.000OGOO 

7 33 0.0020375 0.585264 0.95240 0.00001500 0. 0000746 0.0000711 
8 35 0.0023257 0.928439 0.74275 0.000036 00 0. GO01790 0. 0001687 
9 43 0.0033315 , 0.983491 0.93183 0.00021401 0.0010612 0.00098&8 

10 45 0.0353525 0. 973592 0. 91 646 0.00045601 0.0022498 0.0020619 
11 53 0. GJ928.i5 0.959424 0.89225 0.00093303 0.0045699 0.0040775 
12 55 0.0125.253 0. 937356 0.85605 0.00149605 0. 0072535 0.0062008 
13 63 0.0199207 0.905196 0.80243 0.00231209 0.01 10034 0. 0088295 
14 65 0.0334842 0.856483 0.72636 0.00326514 0. 0151239 0.0109853 
15 70 0.0466300 0. 792035 0.6221 1 0.00435920 0.0194416 0.0120949 
16 75 0.0701372 0. 704198 0.49274 0.00480323 0. 0202570 0.0099813 

. 

* 
C UfiaAT I VE 
P (LUJG CANCER 
DEATH BY I+4) 



TABLE 0-2b 

L I F E  TABLE FOR C A L I F  FEMkLES - CC;lULATIVE W5E - h'O LA13 
C0:JSTANT EXPOSURE AT 1 NClCUBIC METER OF CADnIUII  

' LlJNG CANCER DEATHS 

P ISURVIVAL CUIWLATIVE ANhiUAL LUXG P€LUh% CANCER 
TO I + 4  GIVEN PCS'JHVIVAL CACCER DEATH DEATH GIVEN 
SURVIVAL TO I> TO AGE I >  RATE I f i  (1. I + 4 >  SURVIVAL TO 11 

UPICO14DITI@NAL 
P<LUNG CANCER 

CUI'XLATIVE 
PCCWG CANCER 
DE4TH 3Y 1 4 4 2  

0 3 s  AGE ANVUA!. DEATH R A T t  
AGE INTERVAI. 

I TO I + 4  DEATH) 



TABLE D-3a 

L I F E  TABLE FOR C A L I F  l lACES - CUK'JLATIVE DOSE - 140 LAG 
CIWSTANT EXPOSURE AT I I4G/CUBIC WETER OF CAD:<IUti 

UPPER CONFIDENCE L I N I T  - LUt:G CANCER DEATHS 

A!J?JV.%l- DEATH RATE 
AGE INTERVAL 

I TO I + 4  

?(SURVIVAL 
TO 1+4 OIVEN 
SURVIVAL TO 1) 

CUWLATIVE 
P iS ' JAVIVAL  
TO ACE 11 

ANNUAL LUNG P€LUr<O CANCER 
CAXCER DEATH DEATH GIVEN 
RATE It< (1. I + 4 )  SURVIVAL TO I 3  

UNCONDITIONAL 
PCLUNG CANCER 
DEATH) 



TABLE D-3b 

LIFE TABLE FUR CAClF  FEMqLES - CU3ULATIVE DOSE - KO LAG - - -  

C0:ISTANT EXPOSURE AT 1 14GICUHIC 11ETER OF CADHIUN 
UPPER CCNFIDENCE L l n I T  - LUNG CANCER DEATHS 

UBS ACE Ah!rlUA!. DEATH RATE PCSURVIVAL CUnSLATIVE ACNUAL LU?4G P€LUNC CANCER VNCONDITIUNAL CVflChATIVE 
AGE INTERVAL TO 1+4 OI'JEN P€SURVIVAL CANCER DEATH, DEATH GIVEN PqLUNR CANCER P i L U 3 6  CANCER 
I TO 1+4 SUAVI'JAL TO I 3  TO ALE I ?  RATE I t 4  11, I+4) SURVIVAL TO 1 3  DEATH) DEATH BY I + 4 ?  



TABLE D-4b 

L I F E  TABLE FOR C P L I F  FEIlACES - 1 0  YR LAGGED CUMULATIVE DOSE 
COtSTANT EXPOSURE AT 1 f4CICUQIC METER OF CAD?lIUt% 

LUPIC CANCER DEATHS 

I 0 3 5  AGE AKNUAC DEATH RATE P € S V i V I V A L  C U ~ V L A T I V E  AGILJAL LU?iG P<LU~~C CANCER 
AGE I I ITEKVAC TO I + 4  G I V E N  PCSUXVIVAL CANCER DEATH DEATH G I V E N  

I TO I+< SURVIVAL TO I 3  TO AGE I 3  RATE I N  ( I , I+J) SURVIVAL TO I 3  

UI4CCNDITIONAL 
P<LUNG CANCER 
DEATH3 

C Ul?LLAT I VE 
P €LLW!G CANCER 
DEATH BY I i 4 >  



TABLE 0-4a 

LIFE TASLE FOR CALIF PIALES - 10 YR LAGGED CUMULATIVE DOSE 
CCNSTANT EXPOSURE AT 1 IIGICUBIC METER OF CAO!<lWT 

b LUX0 YANCER DEATHS 

005 AGE AIIFI~JP!. DEATH RATE P5SURVIVAL CUEVLATlVE AWUAL LU:IG P<LUlc'O CANCER U!JCOIJOITIO:4AL CCW'ATIVE 

AGE ItJTER\'AL TO 1+4 GIVEN PESU~VIVAL CAKER DEATH DEATH GIVEN P~LUNG CANCER P<I.U+G CAIICER 
I TO I+J SURVIVAL TO I> TO ASE I> RATE IN ( I ,  114) SURVIVAL TO 1) DEATH) DE4TH CY 1+4? 

1 o 0. ~034558 o. sea854 1 .00co~  0. 03000500 0.0000000 0.0000000 0 0000000 
0. 003~131~ 0. v 9 ~ 1 3 q  0. sszas 0. 03500000 O.O~>OOOOO 0.0000000 0.0000000 

- w 3 10 O.OC33116 0.978199 0.98123 0.00000000 0.0000000 0.0000000 0.0000000 
1 

w W 4 15 0. 031 5353 0.972358 0.97947 0.0C000000 0.0000000 0.0000000 0.0000000 
S 25 0.0520493 0.989206 0.97198 O.OOOOCOO0 0.0000000 0.0000000 0.0000000 

6 25 0. C32020b .3.989948 0. 96207 0.00000000 0.0100000 0.0000000 0.0000000 . 7 33 0.m2037s 0. vases4 0. 95243 0.00001500 0. 00~30746 0.000071 1 0.00007 11 
2 35 0 0,323257 0.988439 0.94275 0.00003500 0.0001790 0.0001687 0 0002398 

9 40 0 0033315 0. 983481 0.93185 0.00021400 0.0010b12 0.0009888 0.0012286 

10 45 0. C053525 0.973592 0.91645 0.00045601 0.0022498 0.0020619 0. C032905 

11 51 0 0532815 0.959424 0.89525 0.00093302 0. 0055698 0.0040774 0.0073679 

12 55 G. 0129353 1). 937356 0.85609 0.00149604 0. 0072434 0.0062007 0.0135687 
0.0110033 0.0088294 0.022398 1 13 60 0 0194256 0. 905197 0.80243 0.00231208 

14 6 5  0 03.34812 0. 856483 0.72635 0.00326512 0.0151238 0.0109853 0.0333834 
15 70 0.096h279 0.792035 0.62211 0.00435917 0.0194415 0.0120948 0.0454782 

, 16 75 0.0701371 0.704198 0.00380320 0.0202558 0.0099813 0 0554595 




